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The use of geolysimeters as a hydrologic instrument has generally been limited to academic 
studies.  To determine usefulness of geolysimeters in mining reclamation applications, a series of 
geolysimeters were installed into mine tailing landforms.  These were compared to traditional 
hydrologic instruments over the course of three years. 
 
The geolysimeters installed into aquitards using a fully grouted method had several examples of 
sensors that provide useful hydrologic data.  They compared well to rain gauge readings and 
show potential to compliment traditional methods of measuring evapotranspiration data.  Three 
sensors showed good potential for use as hydrologic instruments.  
 
Several errors were encountered over the course of the program, and they are described in detail.  
Errors range from installation into unsaturated zones, shielding failure of wires, data collector 
errors, extreme weather conditions, and unknown hydrogeological conditions.  Based on these 
errors, several recommendations were made to improve the efficacy of future programs.  These 
recommendations cover program design, instrumentation selection, logger programming, 
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The closure of oil sands mines requires that the reclaimed land be returned to an ‘equivalent 
capability’ (Province of Alberta 1993, 2017) to the natural system that existed prior to mining.  
This equivalent capability includes the ability to support vegetation and hydrological function of 
the closure landscape over a long time into the future.  It is generally understood that monitoring 
the hydrological performance of these landforms may be required for many decades following 
closure (Morgenstern 2012).  Undertaking decadal or longer-term monitoring using conventional 
methods of meteorological measurement and reclamation cover modeling may be difficult to 
sustain. 
 
This research program undertakes to evaluate an alternative method of monitoring the 
hydrological performance of reclaimed mine waste using what will be described later as a 
‘geological lysimeter’ (GL).  This method provides the advantages, over conventional 
monitoring methods, of having a relatively low cost and maintenance requirements while 
integrating hydrological observations over a larger ground surface area.   
 
1.1 Objectives  
 
The overall goal of this thesis is to evaluate the use of GLs for monitoring components of the 
surface water balance at reclaimed mine sites using grouted-in geotechnical vibrating wire 
piezometer (VWP) installations.  Both VWPs specifically purposed for use as GLs and some 
existing VWP installations used for geotechnical monitoring will be evaluated.  
 
The specific objectives of this study are as follows: 
i) Develop a set of recommended procedures for installation, data collection and 
data interpretation for GLs used to quantify components of soil moisture loading 
such as precipitation/infiltration and evapotranspiration.  
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ii) Quantify the lower limit of daily precipitation that can be monitored using GLs 
based on a comparison to conventional monitoring of rainfall using tipping bucket 
rain gauges. 
iii) Quantify rates of daily evapotranspiration monitored with GLs and compare these 
rates of evapotranspiration to estimates obtained from site monitoring such as 
eddy covariance and soil water storage.  
 
1.2 Overview of approach being taken 
 
The approach of this project is to interpret monitoring data from a number of VWPs which have 
been previously installed for geotechnical monitoring within different oil sands mine waste 
containment areas as well as a number of VWPs specifically installed for use as GLs.  These data 
records will be evaluated using several different interpretative methods recommended in the 
literature and the estimated magnitude of soil moisture loading from precipitation or evaporation 
will be compared to independent measurements of these hydrological processes undertaken on 
the same sites.  Based on the experience gained through the data reduction and interpretation, the 
final part of the thesis will compile key recommendations as to how this monitoring approach 





2 BACKGROUND AND LITERATURE REVIEW 
 
Hydrogeologists and geotechnical engineers have long recognized that the application of an 
aerially extensive surface load will result in an immediate increase in pore pressure within 
underlying formations.  For example, Jacob (1940) and others observed that water wells in 
confined aquifers underwent a rapid drop in water level which was proportional to the increase in 
surface barometric pressure.  They referred to this as the barometric well efficiency of the 
aquifer.  The water level in the well drops because only a portion of the barometric load is 
transmitted to the pore water of the formation while the full barometric load is applied to the 
water in the riser pipe.  This causes water to flow from the riser pipe into the formation resulting 
in a rapid drop in the observed water level.   
 
The change in pressure within the formation expressed as a fractional portion of the change in 
barometric pressure is referred to as the barometric loading efficiency.  This ratio is the same as 
the b-bar (𝐵𝐵�) pore pressure coefficient described by Skempton (1954).  This coefficient is 
defined as the ratio of the pore pressure response to an applied surface load.  In this chapter, we 
will review the underlying principles that can be used to explain this phenomenon and illustrate a 
few of the ways it has been used in hydrogeology and geotechnical engineering.  We will also 
review the various methods that have been developed in the literature to interpret the loading 
efficiency of a formation.   
 
2.1 Theoretical Considerations for Barometric Loading Efficiency 
  
The relationship between barometric loading and the soil pore pressure response has been 
examined in the literature extensively.  The fundamental behavior is the result of soil or porous 
rock being comprised of two phases - a compressible soil structure which contains a 
compressible fluid.  This saturated system undergoes compression (i.e. one-dimensional 
volumetric strain) when loaded, with the volumetric strain of the soil being equal to the 
volumetric strain within the pore fluid (assuming the soil particles themselves as relatively 
incompressible).  Although the volumetric strain of both the soil structure and water are the 
same, the applied load (stress) must be distributed between these two phases as a function of 
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their relative stiffness.  For an example of this theory: in conventional geotechnical engineering, 
application of this phenomena has been used to explain the induced pore-pressure within a soft 
clay resulting from the application of a surface load (Bishop 1954).  In this case, because the soil 
structure is far more compressible than the water, the full surface load is transmitted only to the 
pore-water; this results in a 𝐵𝐵�  value of one.  In hydrogeology, as noted previously, this 
phenomenon has been used to explain water level responses in wells to both barometric pressure 
changes or tidal loading (Jacob 1940, van der Kamp and Gale 1983).    
 
The geomechanics describing this phenomenon rely on effective stress theory (Terzaghi 1943) 
but with incorporation of fluid compressibility (Biot 1941).  Effective stress theory describes 
stress on a soil element as having three parts: Total stress, which is the force balance of all 
stresses in a soil; effective stress, which is the stress borne by the soil structure, and pore 
pressure; the stress borne by the pore fluid.  In the case of the soft clay undergoing surface 
loading, there is initially no change in effective stress as the surface load is transferred almost 
entirely to the pore-pressure.  As the pore-pressure dissipates because of flow to adjoining 
formations; however, the effective stress increases and the soil skeleton compresses.    
 
Jacob (1940) examined flow in confined, elastic, artesian aquifers and noted compression due to 
an applied atmospheric load resulted in an associated change in pore pressure, but this pore 
pressure response was less than the applied barometric pressure.  He developed a one 
dimensional force balance showing that the total stress within an aquifer is split between the soil 
skeleton and pore pressure; introducing a coefficient, functionally a loading efficiency, that he 
treated as a mathematical abstract related to the contact area of the soil skeleton with the 
confining layers over which the hydrostatic pressure was effective (Jacob 1940).  
 
Skempton (1954) worked on undrained pore pressure changes induced by changes in applied 
stresses in a triaxial apparatus.  He related a change in stress to a change in pore pressure (u) by 
separating stress changes into changes in confining stress (σ3) and deviator stress (σ1-σ3) 
(Skempton 1954).  Changes in deviator stress are related to a change in confining stress using the 
coefficient A; then the coefficient B is used to relate the change in confining stress to a change in 
pore pressure (Skempton 1954): 
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𝛥𝛥𝛥𝛥 = 𝐵𝐵[𝛥𝛥𝜎𝜎3 + 𝐴𝐴(𝛥𝛥𝜎𝜎1 − 𝛥𝛥𝜎𝜎3)]         (2.1) 
 
In a perfectly elastic soil, A will have a value of 1/3; assigning a coefficient in its place indicates 
that the soil is behaving in an inelastic manner, and therefore A must be determined through 
triaxial testing (Skempton 1954). Skempton’s definition of B was the ratio of change in the pore 
pressure due to a change in mean confining pressure.  The significance of B is its use in 
quantifying the relationship of the stressing of the soil skeleton to the stressing of the pore 




            (2.2) 
 
Skempton (1954) provided a third coefficient, 𝐵𝐵� , to relate a change in applied vertical stress to a 
change in pore pressure.  This coefficient is much more useful for field analysis, as a change in 
vertical stress at a point is the observable change for an aerially extensive loading.  Skempton 
(1954) provides a conversion between 𝐵𝐵�  and B: 
 
𝐵𝐵� = 𝐵𝐵 �1 − (1 − 𝐴𝐴) �1 − ∆𝜎𝜎3
∆𝜎𝜎1
��         (2.3) 
 
It is worth noting that Skempton’s (1954) approach is rooted in empirical determination of the 
pore-pressure parameters rather than in fundamental elasticity theory.  
 
van der Kamp and Gale (1983) derived a framework to utilize both barometric fluctuations and 
tidal fluctuations as independent tests to determine formation properties.  To do this they 
introduced Nur and Byerlee (1971) and Rice and Cleary’s (1976) extensions of Biot’s (1941) 
consolidation framework to determining the formation properties of specific storage and rigidity 
modulus from applied tidal loadings and barometric fluctuations.  In the process, van der Kamp 
and Gale (1983) reaffirmed loading efficiencies describing the pore pressure (p) response to 
changes in octahedral normal stress (mean confining stress) (σt) and vertical stress (σb).  The 
loading efficiencies are γ for vertical loadings and β for octahedral normal stress.  The set of 
equations specifically relating changes in stress to pore pressure (p) responses are:   
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𝑝𝑝 = 𝛾𝛾𝜎𝜎𝑏𝑏            (2.4) 
 
𝑝𝑝 = 𝛽𝛽𝜎𝜎𝑡𝑡            (2.5) 
 
The approaches of Skempton (1954) and van der Kamp and Gale (1983) show how the increase 
in pore pressure due to an applied vertical total stress can be described using elasticity theory and 
characterized simply using a loading efficiency.  For the remainder of this thesis, van der Kamp 
and Gale’s (1983) loading efficiency (γ) notation will be used for instantaneous, linear loading. 
 
The loading efficiency, once defined through observations of formation pore pressure to a known 
surface load (i.e. barometric loading), are then applied to estimate other types of areally 
extensive surface loading (e.g. soil moisture loading).  For example, van der Kamp and Maathuis 
(1991) demonstrated that seasonal fluctuations in the pore pressure record could be used to 
estimate changes in moisture loading.   
 
A necessary condition for this application is that the total stress change must propagate to the 
depth of interest.  Propagating a detectable stress change to a depth generally happens in two 
ways: by having a large load placed over a finite surface area (i.e. idealized as a point load) or by 
having an areally extensive distributed load so that there is no dissipation of the applied load 
with depth (i.e. idealized as a one-dimensional force balance).  Most detectable changes in pore 
pressure due to surface loading are of the latter type; however, van der Kamp and Schmidt 
(1997) also conducted a successful field experiment for detecting pore pressure change due to a 
heavy point load.   
 
Changes in moisture loading due to soil vegetation atmosphere transfer (SVAT) are often 
considered to be areally extensive.  It is of note; however, that the contributing area to a pore 
pressure response at depth could be inferred from stress redistribution theory.  In this manner, the 
representative area associated with an estimated soil moisture loading can be constrained using 
stress redistribution theory.  This allows the contributing area for any specific location of pore 




Although the change in pore-pressure associated with a change in surface load is instantaneous 
(Jacob 1940, Ferris et al. 1962) there may be a time lag associated with the response of the pore 
pressure measurement (e.g. VWP pressure transducer).  This is complicated by the fact that the 
changes in surface load (e.g. barometric pressure fluctuations) are also transient and 
consequently the observed pore pressure response is transient.  To be a candidate for 
investigation of surface loadings in the pore pressure, excess pore pressure must be present for 
long enough after the change in surface loading that it can be measured; i.e. it must not have 
dissipated before it can be measured.  Ideal hydrogeologic conditions for measuring barometric 
loading, then, are a fully confined, homogenous, artesian aquifer with little lateral groundwater 
flow or a thick, laterally extensive, and saturated aquitard. 
 
2.2 Methods of Obtaining Loading Efficiency 
 
There are a number of different ways proposed in the literature for estimating barometric loading 
efficiency from VWP and barometric pressure observations; however, no single approach works 
in all cases.  Several phenomena are potentially observable in the time series for raw pore 
pressure and, as such, may obscure the loading phenomena.  The pore pressure may be trending, 
noisy, lagged, or may be affected by some other signal which masks the determination of γ.  If 
the pore pressure is stable, the typical methodology used to obtain γ is to create a plot of the 
change in barometric pressure and cross plot it with the change in pore pressure (Marefat et al. 
2015).  This method will also reduce trending in the pore pressure; however, trending may also 
be removed by linear removal of the trend before subjecting the pore pressure to a loading 
analysis.  In general, for softer soils, this should only be necessary if the trending is large (i.e. on 
the scale of tenths of meters to meters of pressure change over the period analyzed). 
 
General sensor noise may also obscure the barometric loading signal.  In this case, it may be 
necessary to cross plot the raw values of barometric pressure and pore pressure (Tipman et al. 
2017).  Such a method will not account for sensor drift; however, the change in relative value of 
the noise relative to the value of the sensor response will enable an indication of the pressure to 
be observed in this case.  For this to work clearly, a shorter window of analysis will reduce the 
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effect of drift.  Combined with linear detrending of the pore pressure time series, this may give a 
good approximate value for γ (Tipman et al. 2017).   
 
Time lag is an additional effect that may obscure the loading efficiency.  As the barometric 
pressure over the ground surface changes, the pore pressure response within the formation is 
instantaneous.  There is often an initial instantaneous change in the observed pressures as a result 
of lateral stress transfer to the grouted borehole annulus and this is then followed by a classic 
exponential pattern of recovery with time back to the formation pore pressures.  This 
phenomenon is a coupled transient stress – pore fluid phenomena, similar to consolidation from 
geotechnical theory.   
 
This time dependent recovery of the observed pore pressure with time in response to an 
instantaneous change in barometric pressure is referred to as a barometric response function 
(BRF).  A typical BRF is shown in Figure 2.1.  The three key features of a BRF are the initial 
instantaneous response, the time lag for full recovery and the final equilibrated pore pressure 
which represents the barometric loading efficiency (LE).  This form of loading recovery is 
referred to as the ‘wellbore storage model’ (Hvorslev 1951, Rasmussen and Crawford 1997) and 
represents the pressure difference created by differential stiffnesses between the well completion 
materials and the surrounding formation equalizing over time through fluid flow between the 





Figure 2.1 – Typical BRF showing a wellbore storage effect 
 
The BRF is typically generated through a linear regression analysis of the time series pore and 
barometric pressure such as the one presented by Box and Jenkins (1976).  Each change in pore 
pressure (p) at a time (t) is compared to a series of barometric pressure changes (B) extending 
from some prior time to the change in W.  This forms a set of linear equations where each 
change in p is related to the set of changes in B by some coefficient (α) (Toll and Rasmussen 
2007): 
 
 ∆𝑝𝑝(𝑡𝑡) =  ∑ 𝛼𝛼(𝑖𝑖)∆𝐵𝐵(𝑡𝑡 − 𝑖𝑖)𝑚𝑚𝑖𝑖−0         (2.6) 
 
In this equation, m is the oldest time point examined and the number of intervals, while t is the 
current point.  The interval points (i) in the middle are of a consistent time step between each.  If 
this time step is multiplied by the total examined time (m), or the calibration window, of the 
barometric influence is calculated.  The set of α coefficients are calculated for each Δp in the 
data set that has a continuous set of B observations the size of the calibration window.  These 
compiled α values are regressed by a liner least squares method applied such that the average 
value for α at each time step is calculated.  The BRF value at each time step is the sum of all the 





A number of studies have use the BRF to help define the hydrogeologic conditions adjacent to 
the pore-pressure observation.  For example, the wellbore storage model shows that the dominant 
physical phenomenon observed is differences in stiffness and conductivity allowing a very slow 
equalization of induced pressure differentials between the well pack/standpipe and the formation 
(Hvorslev 1951, Rasmussen and Crawford 1997).  The well may behave in other ways for other 
settings like unsaturated horizons, or installation into an aquifer; however, for a well installation 
into an aquitard, the wellbore storage response is typical.  The BRF may be calculated using a 
least squares regression algorithm, as described above, and barometric transients may be 
removed (i.e. deconvoluted) using the BRF to remove portions of the prior barometric changes 
proportion to the changes in the value of the BRF at each point. 
 
Another phenomenon that may obscure γ is earth tides.  Solid earth tides affect the pore pressure 
in the earth by causing a regular expansion and contraction of the earth which will cause a 
correlated fluctuation in the pore pressure (Melchior 1978).  Depending on the relative 
magnitude of the high frequency changes in the pore pressure, tidal fluctuations may add to the 
‘noise’ in the time series pore pressure reading.  The influence of earth tides is easily detected, 
generally, by obtaining a Fourier transform of the pore pressure time series.  If the pore pressure 
is being influenced by earth tides, then power spikes will be seen in the Fourier transform 
correlating to the major components of the tidal influence.  The five largest tidal components are 



















O1 0.92953574 25.819341 Main lunar diurnal 
K1 1.00273794 23.934469 Lunar-solar diurnal 
M2 1.93227356 12.420602 Main lunar semi-diurnal 
S2 2.00000000 12.000000 Main solar semidiurnal 
N2 1.89598199 12.658348 Lunar elliptic (lunar semi-diurnal) 
component caused by monthly 
variation in the moon's distance 
 
There are two straightforward ways to remove earth tides from the pore pressure record.  Firstly, 
using signal filtering; this method is to take a Fourier transform and apply band filters tightly 
around the frequency bands that appear in the transform and Table 2.1.  This should be done 
after barometric removal because barometric pressure is also influenced by tidal forces.  With 
standard signal analysis analytical software, this process is quite simple; however, the main 
disadvantage that non-pure signals that have been transformed, filtered and inverse-transformed 
back to their original signal lose their “realness” because non-harmonic data may be lost.  A 
second method for tidal removal is to use publicly available software (TSoft version 2.2.0, 2013) 
to generate a synthetic tidal force time series for the subject site.  This force is then multiplied by 
an adjustable scaling coefficient and subtracted from the pore pressure time series.  The scaling 
factor is varied to achieve the optimum removal of the earth tide signal from the pore pressure 
record.  Some tidal influence may also be seen in the barometric series, so changing the removal 
of tidal influence may have a different effect before or after barometric removal. 
 
To verify any mechanically achieved loading efficiency number, a visual inspection should be 
performed.  To do this, the time series raw pore pressure, barometric pressure, and raw pore 
pressure with barometric transients removed at some loading efficiency are all plotted on the 
same chart.  The loading efficiency is changed until a the ‘corrected’ pore pressure shows the 
minimum influence of barometric pressure (Smith et al. 2013).  
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2.3 Applications of Barometric Loading Efficiency 
 
The two most common ways that barometric loading efficiency has been applied in 
hydrogeology and geotechnical engineering have been in estimating in situ hydromechanical 
properties of geologic units (e.g. compressibility) and the measurement of surface moisture 
loading.  Moisture loading is defined as change in weight in the overlying profile as a result of 
change in stored water volume.  These would most commonly be due to increases in stored water 
as a result of precipitation events or loss of water from evaporation (e.g. van der Kamp and 
Schmidt 1997).  It is for this reason that the latter application is often described as a ‘geological 
weighing lysimeter’ or ‘geolysimeter’ since it mimics the function of a weighing lysimeter, 
which is a hydrological tool for measuring infiltration into a soil profile; in this case by using the 
response of the geologic medium as the lysimeter.  
 
Laboratory methods for determining the elastic properties of field samples have historically been 
used in hydrogeological problems.  Laboratory testing has problems in terms of sample 
distortion, scale problems, and so on; leading such measurements to overestimate 
compressibility.  Hydrogeologists have been pursuing field tests that can overcome some of these 
problems and give a more representative bulk value.  Van der Kamp (2001) identifies several in 
situ methods for determining specific storage, slug testing, constant head pumping tests, 
permeability testing with pumped wells and observation wells, and pore pressure response to 
loading. In-situ tests have the advantage that they are not necessarily influenced by sample 
disturbance.  Van der Kamp (2001) discusses the results of in situ methods compared to 
laboratory methods, generally finding in situ values of compressibility to be up to several orders 
of magnitude smaller than values obtained by laboratory tests such as oedometer tests. 
 
Methods to determine material properties using surface loading have been discussed in theory by 
Jacob (1940), van der Kamp and Gale (1983), and Rojstaczer and Agnew (1989). van der Kamp 
(2001) takes studies by van der Kamp and Schmidt (1997) and Barr et al. (2000) and calculates 
their specific storage (Ss) values from loading efficiencies.  Smith et al. (2013) used the method 
outlined in van der Kamp and Gale (1983) to determine the compressibility of a thick clay shale 
aquitard and found that these field based values provided more consistent trending with depth 
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than laboratory test methods.  Marefat et al. (2015) studied the compressibility of Champlain 
clays to determine their elastic properties.  This study was significant because the laboratory 
testing of highly sensitivity clays is very difficult due to sample distortion. 
 
van der Kamp and Maathuis (1991) showed that soil moisture loading fluctuations could be 
detected over large time scales by interpretation of the pore pressure record in subsurface 
confined aquifers. Bardsley and Campbell (1994) showing correlation of the pore pressure record 
to loading events in the short term in a thick aquifer and suggested that GLs could provide a 
useful check on hydrologic inputs such as evapotranspiration (ET).  This indicates that in the 
right settings, pore pressure monitoring could be used as an additional input check on surficial 
hydrologic values.  van der Kamp and Gale (1983) provide a governing differential equation for 
pore pressure distribution in a one-dimensional column, with Barr et al. (2000) revising this 









+ 𝑃𝑃 + 𝐸𝐸𝐸𝐸 + 𝑅𝑅�+ 𝛽𝛽         (2.7) 
 
For Equation 2.7, p is the formation pressure, pa is atmospheric pressure, pe is induced pressure 
due to tidal strain, P is the transient pressure induced due to precipitation, ET is the transient 
pressure induced due to evapotranspiration, and R is the transient pressure induced due to surface 
runoff.  β is the dissipation of pore pressure over time and γ is the loading efficiency.   
 
The β component, of Equation 2.7, is the effect of the formation attempting to returned to a fully 
drained state from the undrained loading by equalizing the excess pore pressure with surrounding 
formations.  This process is governed by flow properties of the formation, and therefore is 
proportional to the hydraulic conductivity, amount of excess pore pressure and thickness of the 
formation. Smith et al. (2013) notes that this could take months to years in low conductivity 
formations. 
 
The appropriate hydrogeological conditions were extended to thick clay aquitards, indicating that 
the actual requirement is sufficient hydraulic isolation from neighboring hydrogeological events 
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(van der Kamp and Schmidt 1997).  The van der Kamp and Maathuis (1991) study also indicated 
that the area over which the surface load was being integrated was consistent with geotechnical 
stress distribution methodology, and therefore the reading area of a GL can be on the order of 
hectares.  The pore pressure has been recorded showing fluctuations due to rainfall as deep as 
300 m (Sophocleous et al. 2006).  Barr et al. (2000) extended the concept of confirming 
individual hydrological inputs with a GL to attempting to confirm multiple inputs using a 
superposition assumption.  Smith et al. (2017) used GL data to measure solid precipitation; 
comparing the moisture loading change to snow measurement showing a small amount of 
undercatch. Van der Kamp and Schmidt (2017) presents precipitation and evapotranspiration 
surface loading for yearly cumulative loads and short-term cumulative precipitation results (van 
der Kamp and Schmidt 2017). 
 
When a GL is placed into a complex situation with a fluctuating ground water table, the pressure 
from those fluctuations will propagate downwards through the various formations from the 
ground water table as pressure waves.  This results in pore pressure fluctuations with a lagged 
response from the surficial input.  Anochikwa et al. (2012) used a computer model to determine 
the lagged response due to the hydraulic diffusivity of the GL’s formation by modeling the best 
relationship between the input and the observed response.  Bardsley and Campbell (2007) used a 
set of nested piezometers to provide a combined GL response that is more accurate than either 
individual response.  Those authors, and others, also used GLs in aquifers to attempt to calibrate 
gravity methods of estimating surficial water balance (GRACE) (Bardsley and Campbell 2000, 




Barometric loading can be explained from the theory of elasticity as applied to a compressible 
porous medium such as soil or rock.  The theory allows a loading coefficient to relate pore 
pressure increase to an applied load and allows for an increase in pore pressure to be interpreted 
as a surface load.  This methodology has since been used to detect surface loadings such as 
precipitation or evapotranspiration and hydromechanical properties.  For this technique to work, 
site selection, equipment selection and field techniques must be carefully planned and executed 
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to identify the relatively small loadings of SVAT phenomena compared to other observable pore 
pressure changes.  With data collected, several methods of determining loading efficiency are 
possible, including linear correction, calibration using the slop of a plot of transients, or 
deconvolution using the time domain.  
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3 SITE DESCRIPTION AND INSTRUMENTATION 
 
This chapter will describe the site location, geology, specific site descriptions, exploration 
details, installation details, and field techniques used in this study. 
3.1 Mildred Lake Mine Site  
 
This chapter describes the site location and instrumentation used in this study.  This project was 
carried out at the SCL Base Mine Lake site.  This is an oil sands mine site which is located 
approximately 45 km north of Fort McMurray, Alberta, Canada.  This site has been in operation 
since 1978, processing oil sands deposits in the Athabasca river basin into petroleum products.  
The site location is shown in Figure 3.1. 
 
 






3.2 General Geology 
 
The SCL Base Mine Lake site is extensive and, owing to that, has varied surficial deposits 
overlying bedrock with the upper bedrock sequence being the Cretaceous Clearwater formation 
shales.  In general, the area surrounding the study area has been well described by SCL.  The 
surficial geology generally indicates that the surficial units are Pleistocene in origin, composed 
of glacio-lacustrine (Pl) units overlying glacial deposits (Pg).  There are some meltwater 
(glaciofluvial) (Gf) channels within the Pleistocene deposits which are sand and gravel with 
cobbles and boulders.  In areas of topographic lows, organic Holocene (Ho) deposits can be 
found near to the surface.  
 
The upper bedrock underlying the study area is Cretaceous deposits of the Clearwater formation.  
The entire unit is described as Kc and has been subdivided into 1 member and 7 units.  The 
Wabaskaw (Kcw) member forms the base of the Clearwater formation.  Overlying the 
Wabaskaw member are the Clearwater units, referred to as Kca – Kcg in ascending order.  The 
Clearwater formation is composed of silty shale, laminated siltstone, and fine-grained sandstone 
of marine origin.  The contact between the Clearwater formation and overlying Pleistocene 
deposits is rafted in some places due to glacial action.  Below the Clearwater formation is the 
McMurray formation, which underlies the study site.  In general, for the remainder of this 
examination, Pl, Pg, and Kc are the descriptors of note. 
 
3.3 Site Locations 
 
The Mildred Lake mine site is undergoing progressive reclamation from the south end of the 
mine towards the north end.  The location of a number of the key reclaimed landforms on which 
GL monitoring was installed are shown in Figure 3.2.  These landforms include: 
● Southwest Sands Storage (SWSS) - a sand tailings dyke which forms a large structure in 
the south west portion of SCL’s site; 
● W1 and W2 – Out of Pit shale overburden dumps (stockpiles); 




● An undisturbed site labeled as the “Natural” site which is included in the discussion of 




Figure 3.2 – View of SCL site highlighting landforms instrumented for this project (Google 
Earth) 
3.4 Field Instrumentation 
 
The installation of the VWPs used during this investigation is composed of a number of time 
spans and methods.  The VWPs installed specifically for this project were installed over 
approximately a month and a half, from June 22 through August 03, 2013.  These VWPs were 
identified by a prefix designator BHLB.  The drilling method used for these installations was 





● Backfilled with Bentonite Holeplug (natural smectitic clay chips) to the depth of VWP 
sand filter; 
● The VWPs were installed within approximately 1 m of frac sand (sand designed for filter 
packs with consistent grain sizes); 
o All VWPs installed specifically for this project were Geokon 4500s with a 
350 kPa full scale pressure rating; 
●  The frac sand pack was then covered by approximately 1 m of Bentonite Holeplug; and, 
● The remainder of the hole was backfilled with Bentonite EZ seal, a low permeability 
bentonite-cement grout mixture. 
 
In the case of BHLB08, the backfill above the sand pack was completed entirely with Bentonite 
Holeplug.   
 
The SCL geotechnical monitoring sensors were not installed specifically for this study but were a 
standard installation for geotechnical monitoring of the various structures.  The VWPs were 
installed as multiple stacked VWPs in one borehole and where designated as: 
● VP-12-32-02 - 2 piezometer stack in the SWSS landform; 
● VP-09-32-03 – A 3 piezometer stack on the SWSS landform; 
● SIVP080046 - A 3 piezometer stack on the W1 landform; and,  
● SIVP080069R – A 2 piezometer stack on the W1 landform.  
 
Due to the multiple VWPs per installation, the specific VWP is indicated as upper, lower, or 
middle to refer to the shallowest, deepest and middle sensor, respectively.  Locations with 2 
sensors will have an upper and lower, while 3 sensor locations will have upper, lower and 
middle, as outlined below. 
 
VP12-32-02 is a 2-piezometer stack.  The borehole was drilled using wet rotary methods.  The 





● Bentonite Holeplug from surface to just above a layer of Bentonite EZ-Seal (1.5 m 
minimum thickness), ending at a depth of 31.9 mbgl. 
● A sand pack from 31.9 mbgl to 33.3 mbgl. The upper piezometer is within the sand at 
32.6 mbgl. 
● A layer of Bentonite Holeplug (minimum thickness 0.5 m) underlain by Bentonite EZ-
Seal and a second layer of Bentonite Holeplug (minimum thickness 1.5 m) to a depth of 
54.4 mbgl. 
● A sand layer from 54.4 mbgl to 55.4 mbgl with a piezometer within at 55.1 mbgl. 
● Bentonite Holeplug to the termination depth of 66 mbgl. 
 
 VP-09-32-03 was drilled using coring methods.  The completion details are outlined below: 
● Bentonite (Type unknown) from ground to 15.24 mgbl;  
● Sand from 15.24 to 16.17 mbgl; a piezometer (denoted Upper Tip) in the sand at 16.00 
mbgl; 
● Bentonite from 16.17 to 22.09 mbgl; 
● Sand from 22.09 to 22.25 mbgl with a piezometer (denoted Middle Tip) in the sand at 
22.2 mbgl; 
● Bentonite from 22.25 to 29.84 mbgl; 
● Sand from 29.84 to 30.18 mbgl with a piezometer (denoted Lower Tip) at 30.02 mbgl; 
● Bentonite from 30.18 mbgl to the bottom of the drill hole at 35.02 mbgl; 
● A 2” PVC casing pipe is used to protect the VWP wires from damage near the ground 
surface (from an unknown stickup to an unknown depth below the ground level but above 
the upper tip sand horizon) was set into the Bentonite and has been filled with Bentonite 
chips. 
 
SIVP080046 is a 3-piezometer stack that was drilled using dual rotary drilling methods.  The 
piezometer stack was installed as supporting instrumentation for a slope inclinometer 
installation, and therefore was attached to the SI casing and grouted in place without a sand filter 




SIVP080049R is a 2-piezometer stack that was drilled using a coring method (exact method is 
unknown).  It was installed as a Slope Inclinometer with two supporting piezometers.  This hole 
was completed with full grouting, with a small layer of frac sand and a Bentonite plug at the 
surface.  
All the SCL piezometers were SI 52611030 model, which has a full scale of 690 kPa.  All 
instrumented piezometers in these stacks were completed in KC completion horizon, with the 
exception of SIVP080069R’s upper tip, which was completed in a redeposited “PI” clay dump. 
 
3.5 Installation Locations 
 
South West Sand Storage (SWSS) 
 
SWSS is a sand tailings storage structure designed to be approximately 60 m high with 20H:1V 
side slopes.  The pond in the middle of the structure was originally designed to have very small 
amounts of fine tailings; however, some mature fine tailings (MFT) is stored within the 
development pond.  Drill logs show that the structure is primarily fine to medium grained sand 
overlying KC material. Figure 3.3 shows the overall layout of SWSS as well as the area of focus 
in this study, Cell 32.  The actual line of boreholes drilled for this project is close to the Cell 31 
area; however, for the purpose of this thesis all SWSS instrumentation will be noted as Cell 32. 





Figure 3.3 – SWSS (Google Earth) 
 
 




The top of the sand tailings dyke is to the west of BHLB07 and VP-12-32-02, and the toe of the 
dyke is just west of the road that runs NNW-SSE between VP-09-32-03 and BHLB03.  The 
boreholes specifically drilled for this project are BHLB07, BHLB08 and BHLB03.  The VWP 
stacks VP-12-32-02 and VP-09-32-03 were installed for geotechnical monitoring of the dyke. 
 
No borehole logs were provided for VP12-32-02 and VP-09-32-03, however instrument details 
and installation depths were provided.  All available installation details and borehole logs for 
SWSS can be found in Appendix A. 
 
The VWP in Borehole BHLB07 was located at a depth of 45 m and the installation was in KC 
approximately 11.5 m below the tailing sands.  BHLB08 was installed to a depth of 29.5 m in 
KC, approximately 13 m below the sand tailings.  Table 3.2 shows installation depths and 
elevations. 
 
Table 3.1- SWSS Installation depths 















BHLB03 348.3 25.9 23.0 325.3 KC 
BHLB07 389.1 50.3 45.4 343.7 KC 
BHLB08 369.4 32.0 29.5 339.9 KC 
VP-12-32-02-Lower Tip 388.5 66.8 55.1 333.4 KC 
VP-09-32-03-Upper Tip 362.0 35.0 16.0 346.0 KC 
VP-09-32-03-Middle Tip 362.0 35.0 22.2 339.8 KC 
VP-09-32-03-Lower Tip 362.0 35.0 30.0 332.0 KC 
 
BHLB03, at the natural site, was installed at a depth of 23.5 m in KC, approximately 15 m below 
the surficial fill materials (6 m in depth), till, clay, and into the Kc formation.  The siting is 





BHLB07, BHLB08, and BHLB03 were initially installed with Geokon LC-2 dataloggers.  Some 
monitoring of VP-12-32-02 and VP-09-32-03 was attempted using a Slope Indicator Quattro 
datalogger, however recorded datasets from VP-12-32-02 and VP-09-32-03 were not long and 
continuous enough for use. 
 
In the spring of 2015, all the VWP dataloggers in the project were upgraded to new loggers by 
RST.  This system is composed of “base” stations and remote single channel and multi-channel 
data loggers.  The base stations are Campbell Scientific CR 1000 dataloggers in an automated 
collection system.  The base station collects remote dataloggers over a wireless network.  The 
remaining dataloggers were RST DT2011 for single channel sites and RST DT2055 for VP-09-
32-03.  This collection system collects all data for the SWSS loggers and transmits it over the 
internet to a computer at the University of Saskatchewan daily. 
 
South Bison Hills (SBH) 
 
South Bison hills is an overburden waste dump composed primarily of saline-sodic clay shales 
that have been either end-dumped or paddock dumped into the previously excavated West in Pit 
(WIP) (Chapman et al. 2006).  The deep shale profile is generally unsaturated with deep, but 
rising, water levels as a result of filling of the adjacent end pit lake referred to as Base Mine 
Lake.   
 
Two VWPs were installed at SBH:  BHLB04, near the crest of the landform, and BHLB05 near 





Figure 3.5 – South Bison Hills showing VWP installation (Google Earth) 
 
BHLB04 was installed at a depth of 29.5 m at the bottom of the backfilled pit in order to target a 
small lens of intact KC above a lean oil sands deposit.  BHLB05 was installed at a depth of 
20.9 m in a thin silty clay member just above the interface of the Clearwater formation with 
underlying oil sands deposits.  It is just below a fine sand lens.  Full borehole logs can be found 
in Appendix A.  Both boreholes were initially monitored using Geokon LC-2 single channel 
monitors.  In the spring of 2015, these dataloggers were changed to a remote wireless collection 
system as described for SWSS above.  In this case, BHLB04 was the designated “base” station 
using Campbell Scientific CR-1000 datalogger and BHLB05 was the remote station using a 
DT2011.  Table 3.2 shows the completion elevations and depths. 
 
Table 3.2 – SBH installation depths 















BHLB04 348.5 50.0 29.5 319.0 Kc 







W1 and W2 are both shale overburden dumps to the north of SWSS as shown in Figure 3.6.  W1 
was designed with a target height of 40 m (Personal correspondence with Dallas Heisler, SCL).  
The two sensors used for this project at the W1 site were installed for geotechnical monitoring.  
SIVP080046 is a 3-piezometer stack which began monitoring in Spring of 2015.  All three tips 
are logged as being in KC at depths of 47, 59, and 62 mbgl.  The overburden fill extends from 
ground surface to approximately 31 mbgl at that location.  SIVP080069R is a 2-piezometer 
stack; however, only the upper piezometer, at a depth of 18.5 mbgl, in Pl material, was used for 
this study.  The offset between the two sensors is approximately 14 m with SIVP080046 being 
uphill of SIVP080069R. 
 
W2 is a shale overburden dump to the east of W1.  No design details were available from SCL 
for this site.  Two boreholes were drilled for the VWP installation.  BHLB01 is near the crest of 
the dump while BHLB02 is midslope.  BHLB01 was installed at 25 mbgl with a frac sand pack 
in KC.  The drill log shows that the overburden fill begins at approximately 15 mbgl.  BHLB02 
was installed at 17.4 mbgl in frac sand.  It was installed in KC with the overburden fill beginning 
at a depth of approximately 11 mbgl. 
 
The W2 sensors were initially logged with Geokon LC-2 dataloggers, however in March of 2015 
the dataloggers were changed, with BHLB01 becoming a base station with a Campbell Scientific 
CR-1000 datalogger and BHLB02 getting a RST DT2011.  At the same time the W1 sites had a 
RST DT2055 installed on SIVP080046.  SIVP080069R had a RST DT2011 installed on the 
upper channel.  The W1 sensors use the BHLB01 as their base station.  The installation depths 









Table 3.3 - W1/W2 installation depths 















BHLB01 351.8 27.4 26.4 325.4 Kc 
BHLB02 346.3 19.8 17.4 328.9 Kc 
SIVP080046-Upper Tip 366.4 96.3 45.7 320.7 Kcc 
SIVP080046-Middle Tip 366.4 96.3 57.9 308.5 Kcb 
SIVP080046-Lower Tip 366.4 96.3 64.0 302.4 Kca 
SIVP080069R-Upper Tip 354.6 28.6 18.3 336.3 Pl 
 
 
Figure 3.6 – W1 and W2 showing instrument locations 
3.6 Field Methods 
 
Data was initially collected from the instrumentation every 2-6 months using a USB download 
from the Geokon LC-2 and Quattro dataloggers.  The VWPs were read at 30-minute intervals 
over the course of the summer of 2013 from the VWP installation period to April 2015, when the 
RST system was installed.  At the same time as the Geokon loggers were downloaded, the 
Solinst barologgers were also downloaded.  Once the datalogger system was changed to the RST 
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system, the wireless network collected 10-minute interval readings and uploaded it to a host 
computer at the University of Saskatchewan daily. 
 
Approximately 3 site visits were made each year.  These visits occurred during the summer of 
2013 through April of 2015 and were used to collect data from the various dataloggers and 
barologgers. Data was downloaded to a laptop.  The sensors were initially set up to record every 
30 minutes.  This number of cycles per day (CPD) is a high frequency of data collection relative 
to the slow fluctuations commonly associated with barometric pressure.  Even so, it would have 
been valuable to have set an even higher frequency; however, the internal memory capacity of 
the Geokon loggers would have filled sooner, necessitating more site visits.  Once the RST 
loggers were installed in April 2015, there was no longer a restriction imposed by the logger data 
capacity, and so the frequency was set to 10-minute (144 CPD).  After the April 2015 datalogger 
change, the RST network was downloaded daily onto a computer at the U of S.  The data was 
downloaded as one large data file for each landform (SWSS, SBH, W1/W2). The large data file 
was separated using a custom MATLAB program that breaks the data up into files for each 
individual sensor. 
 
3.7 Other instrumentation 
 
Data from some previously installed VWPs at the site was also used in this study.  This 
instrumentation included eddy covariance monitoring, barometric monitoring, and weather 
stations including near surface soil moisture sensors. 
 
The primary weather station used for this project was installed near the BHLB08 site by O’Kane 
Consultants (OKC) in 2001.  It is on the same bench as BHLB08, but approximately 200 m 
south.  The station monitors temperature, solar radiation, relative humidity, wind speed and 
direction, and precipitation.  The data collection and calibration of the weather station was 
performed by the OKC personnel.  The instrumentation details have been provided in 




Barometric sensors were installed on BHLB07, BHLB01 and BHLB04.  These were Solinst 
barologger model sensors.  In early summer of 2015, a RST ELM0030A Vibrating wire 
barometer was wired into the DT2055 installed on VP-09-32-03.  Prior to June 16, 2015, all 
barometric pressures were collected with a barologger co-located with BHLB07.  On June 16, 
2015, a pressure transducer was wired into the RST multi-channel datalogger at the VP-09-32-03 
site and collected barometric data at the same interval and timing as the rest of the RST system.  
Other barologgers were available at BHLB01 and BHLB04 as a backup to the BHLB07 
barologger. 
 
An eddy covariance system was installed by personnel from the McMaster Watershed Hydrology 
group based in McMaster University.  This system was installed near to the BHLB08 location, 
but approximately 60 m south.  Data collection and processing for the eddy covariance system 
was performed by the McMaster university personnel.  Details of the installation have been 




4 METHODS OF ANALYSIS 
 
This chapter summarizes the analytical methods used to evaluate the VWPs performance as GLs.  
This chapter briefly describes the link between pore pressure data and moisture loading (ML).  
The bulk of the remainder of this chapter describes taking the field data and building it into 
“moisture loading.”  After a description of the generation of ML estimates, there follows a 
description of the methodology of comparison of ML and other hydrological data from 
conventional monitoring is given. 
 
The generation of ML is performed using Equation 2.7. The process to generate a ML is as 
follows (the individual steps will be expanded further in the following subsections): 
 
1. The first term that exists in the pore pressure which may be clarified is the dissipation 
term.  The β term is usually ignored for small timeframes (a few weeks); however, 
modeling could potentially be used be used to help characterize its impact.  Limiting site 
selection to well confined (laterally and vertically) aquifers or aquitards will minimize the 
impact of this term.  In this paper, the term was ignored due to selection of sites with a 
low hydraulic conductivity.  For the purpose of interpretation, the GL dataset should 
show minimal dissipation within the timescale of days to a few weeks, but longer data 
sets may contain enough of the effect of dissipation to be in error.   
2. The removal of pa (barometric pressure) was performed during calibration.  With the 
BRF term, by combining the BRF with the barometric pressure signal to produce a scaled 
and lagged input, which is then subtracted from the measured pore pressure.  With the 
linear LE, the barometric pressure was multiplied by the LE and subtracted. 
3. The removal of pe (earth tides induced pore pressure changes) was a two-step process.  
Firstly, the pore pressure was checked using Fourier analysis to see if there was 
significant tidal energy.  If cases had existed where there was a tidal effect, an artificial 
tidal signal was generated with the Tsoft tidal prediction software for the location and 
time and this tidal signal scaled and linearly subtracted from the pore pressure signal.  No 
cases were found with noticeable effects of earth tides on the pore pressure signal once 
the barometric effects were removed.  As such, no linear removal was performed. 
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At this point, the GL readings are referred to as MLs.  The ML trends were: 
1. Examined visually for visible hydrological influences and other influences.   
a. Those which show some effect of hydrological influences were further examined.   
i. They were examined both visually and statistically against other 
measurements of precipitation, and  
ii. they were compared to estimates of ET derived from Penman-Montieth 
and Eddy Covariance.   
2. Finally, a simplified water balance was constructed from the hydrological monitoring 
and was compared to the ML for one of the sensors.  The remainder of this chapter will 
describe the above processes in more detail. 
4.1 Data Synthesis 
 
The calibration of the VWPs was done by the manufacturers by comparing vibrating wire 
frequency to pressure standards, resulting in the “TI” or “ABC” parameters for converting the 
observed VW frequencies to pressure data.  Field data from each VWP was converted to pressure 
values using the inverse process; field data was not corrected for barometric pressure changes 
during the initial conversion.  The ‘TI’ calibration curve was used if available; however, for 
some sensors the “ABC” method was used as factory calibration sheets were not available. 
Provided conversion spreadsheets from SCL only had the “ABC” coefficients recorded from the 
factory calibrations.  The conversion was performed in a spreadsheet (Excel, 2010) for the 
Geokon data; however, as the datasets became larger, especially after the RST installation, a 
custom script was created in MATLAB (MATLAB version R2013b, 2013)  to convert the 
frequency data as it was imported from a large downloaded data file.  The resulting pressure data 
is the raw piezometric time series data used in subsequent analyses. 
 
The pressure datasets were then checked to ensure that readings existed at all times required to 
continuously fulfill the target frequency; that is to say every 10 or 30 minutes exactly. 
Occasionally one data point needed to be omitted or filled (by interpolation) between the datasets 
to maintain continuous data.  If more than one consecutive point was missing or corrupted, no 
filling was done. The data were then stored as yearly sets. This was all done in using spreadsheet 
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software to limit the BRF process from removing too much data in cases where the sensor has an 
intermittent signal that misses a reading every few hours or days. 
 
The yearly datasets of raw pore pressure data were first visually inspected to identify poor data 
sequences that could be excised before further processing of the data series.  Some examples of 
poor data included: clearly erroneous readings (i.e. readings that show wild fluctuations with no 
corresponding hydrological process at the same time), no piezometer response readings, and data 
gaps.  These data were excised where necessary.   
4.2 Tidal Removal 
 
Once the clearly erroneous data were removed, the data sets were examined for the presence of 
earth tides, and when found the tidal effects were removed.  Solid earth tides were checked for 
using Fourier methods.  The data set, and/or portions of that data set were imported into one of 
two software programs, MATLAB or TSoft, and a fast Fourier transform was performed.  The 
transform was examined for significant spectral power at the characteristic tidal frequencies, as 
summarized in Table 2.1.  If significant tidal influences were observed, they were removed by 
subtraction of a synthetic earth tide as generated by the TSoft software.  This synthetic tide was 
scaled by an appropriate coefficient and subtracted from the data set.  A subsequent Fourier 
transform would then check whether there was spectral power at tidal frequencies. 
 
4.3 Linear calibration and barometric removal 
 
Two methods of calculating γ were employed.  The first was to compare the barometric pressure 
and pore pressure, and the second was to examine the change in barometric pressure against the 
change in pore pressure. 
 
To use either method, firstly a system “calibration windows” was created at multiple times 
spaced evenly throughout the year (e.g. September, December, April, June).  These calibration 
windows were an attempt to ensure that the loading efficiencies were stable and not changing 
due to well recovery or other effects.  The calibration windows were limited to a month of data 
based on whatever continuous data set was available for that month.  These windows were often 
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shortened to take advantage of continuous readings.  This was performed visually to minimize 
the influence of pore-pressure trending and excess noise.   
 
In the first method of calibration, a graph of δB vs δP (in this case the δ operator is used to 
indicate the change in value between two points, and not an infinitesimal change) was plotted for 
each calibration window and a linear best fit was performed on the results.  In theory, this should 
yield a graph with a slope equal to γ; however, the plot can be susceptible to sensor noise 
(Tipman et al. 2017).  Additionally, a full month of data processed at 48 or 144 CPD can contain 
enough data to be unworkable by spreadsheet.  In these cases, the calibration window was 
shortened until the highest R2 between the raw pore pressure and the barometric pressure scaled 
by the loading efficiency for that particular dataset was reached.   
 
The second method of estimating γ was by cross-plotting B vs P.  This plot differs from the plot 
of δB vs δP in that it is less susceptible to sensor noise and pressure changes not caused by 
barometric pressure loading changes (i.e. precipitation inputs).  It has the disadvantage of being 
much more susceptible to long term trends in pore pressure such as drainage (Tipman et al. 
2017).  The barometric loading efficiency is evident in this plot by the overall slope of the 
plotted data while long-term trends in the pressure will cause the plot to shift up and down 
vertically.  If vertical shifts in the plot are apparent, then the calibration window was shortened to 
find a smaller window that minimizes the drift.  The slope of the diagonal movements represents 
γ in this case; as they are largely caused by barometric pressure fluctuations, and so it may be 
estimated through a regression line that matches the diagonal movement.  It should be noted that 
directly estimating the slope is highly prone to capturing effects of pore pressure drift and should 
only be used as an estimate. 
  
The two methods of estimating γ were applied on each calibration window for each sensor and 
the value of γ and the R2 of the fit were recorded.  Based on these initial estimates of γ, a value of 
γ was selected as a starting point for a visual analysis that was used to determine the final value 
of γ for the VWP.  The visual analyses were performed by plotting the barometric pressure time 
series overlain on a plot of the pore pressure time series with γ times the barometric pressure 
removed from the pore pressure series.  The value of γ was then varied until the influence of 
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barometric fluctuations on the corrected signal is minimized.  Once a final gamma value was 
determined, the barometric transients were removed using the Smith et al. (2013) method of 
linear subtraction. 
 
4.4 Time domain calibration and barometric removal 
 
A BRF for each instrument was also calculated for each continuous dataset using the regression 
analysis and deconvolution method outlined by Toll and Rasmussen (2007).  This was performed 
in MATLAB using a program designed to calculate the BRF and then deconvolute it.  In this 
analysis, the length of the dataset being deconvoluted adds to the statistical rigor of the least 
squares regression that determines the BRF, so it is preferable to perform the process with larger 
data sets.  Accordingly, the processing was done with the yearly datasets.  The BRF and output 
pore pressure (with barometric transients removed) were examined after their calculation to 
ensure the deconvolution was successful. The window examined for maximum lag that was 
observed in deconvolution - an input requirement for the BRF algorithm as programmed - was 
initially set to a time lag exceeding any reasonable site parameter (e.g. 24 hours).  The 
calibration window is shortened to match the “peak” of the output BRF.  This process is iterated 
until the ultimate point is the final point in the BRF (occasionally the penultimate point was 
used).  The BRF is then used by convoluting it with the barometric readings and removing it 
from the pore pressure readings.  This process outputs the change in pore pressure without 
barometric effects. 
 
A final comparison was made between the loading efficiency obtained using linear removal of 
barometric pressure from pore pressure, and those obtained with the time domain method of 
removing the barometric pressure from the pore pressure.  This comparison was done visually.  
Typically, the two charts were very similar, but one would appear “cleaner” which is to say with 
less high frequency noise causing vertical banding of the data points.  The “cleaner” chart and 
corresponding deconvolution method was then used for the further analysis of this project. 
 
The determination of barometric loading efficiency/b-bar and its removal is a core concept of 
this work, and foundational to the derived moisture loading and other derivative outputs from 
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this process.  An example of this technique, the calibration of the BHLB08 piezometer in 2014, 
is presented here.  The linear technique is presented first.  In this technique, the raw pore 
pressure is cross plotted with the barometric pressure and a residual pore pressure.  The residual 
is generated by linearly subtracting a portion of the barometric pressure from the pore pressure.  
Figure 4.1 shows a linear calibration for the dataset with a γ coefficient of 0.9; this value was 
selected to be the best fit value after a manual optimization.  The scales of barometric pressure 
and pore pressure/residual pressure are forced to the same range (20 kPa), so the variations are in 
proportion to one another.  
 
The residual shows a fair amount of high frequency noise which may indicate incomplete 
removal of barometric pressure.  To view it more clearly, Figure 4.2 shows just the month of 
April, 2014 with the same γ.  Figure 4.2 shows visually that the removal of barometric transients 
from the pore pressure was likely complete. 
 
 






Figure 4.2 – Pore Pressure, Barometric Pressure and Residual pore pressure for BHLB08 in April 
2014. 
 
The BRF calibration was performed next.  It was performed in computer using an algorithm as 
described earlier in the chapter.  The BRF deconvolution is shown in Figure 4.3.  A data gap is 
apparent in June of 2014.  In the linear removal (Figure 4.1), there is no data gap, but in the 
barometric data some clearly visible erroneous data.  That data is likely due to the severe 
thunderstorm causing a large pressure fluctuation.  That particular data was having a large effect 
on the linear least squares averaging portion of the deconvolution process, and as such was 
excised.  The results look similar to the linear removal, but the resultant line is smoother, with 
less variation.  This is likely due to the small amount of lag that is accounted for by the BRF 




Figure 4.3 – Pore pressure, barometric pressure, and BRF deconvoluted pore pressure for 
BHLB08 in 2014 
 
Figure 4.4 – Pore pressure, barometric pressure, and BRF deconvoluted pore pressure for 





Once the linear and BRF removals are completed, the final step is to examine both by eye to see 
which has more completely removed the barometric pressure fluctuations in the pore pressure.  
The remaining pore pressure line shows some noise.  This noise is consistent with the resolution 
of the instrument, in this case 8.9 mm of water or 0.1 kPa.   
 
The resolution of the sensor is quantified as a percentage of full scale (0.025% for this installed 
instrument).  It is defined as the change in the measured quantity that can be perceived by the 
sensor.  This should be separated from the accuracy (how much the recorded value differs from 
the true value) and the sensitivity (what is the smallest change that can be recorded by the 
instrument).  The 8.9 mm H2O (0.025% of a 350 kPa full scale value) is the resolution, and 
therefore a change in pore pressure of less than this value is not necessarily perceived.  The 
accuracy of this sensor is 0.1 % of full scale, or 36 mm H2O.  The use of these sensors as GLs 
allows the accuracy of the instrument, when compared to the scale of events to be measured, to 
be unimportant.  The resolution is the value that shows what the sensor can clearly observe as a 
change in pore pressure.  This effect shows up as scattering of the measured value around the 
true point and is described variously in this work as noise or banding depending on the context. 
 
In this case, the BRF appears to have generated a slightly better result due to there being less of 
this vertically banded noise.  As such, this dataset is used for 2014 going forward.  With the 
current instrument set, a similar amount of noise can be expected in all instruments. 
 
4.5 Comparison of ML to other hydrological instrumentation 
4.5.1 Visual examination and assessment of the influence of hydrologic events 
 
The ML, once generated, is first examined for signs of easily visible signs of hydraulic events.  
The presence of rainfall events in the time series is generally indicated by relatively short 
(>1 day) “jumps” in the moisture load.  When a longer time series is viewed, these jumps appear 
almost as discontinuities in the time series as it is displaced vertically upwards. Secondly the 
presence of evapotranspiration is characterized by a slow decline in the moisture load.  In a 
particularly clear ML with low amounts of noise, this may appear as a scalloped decline with a 
daily period as the evapotranspiration increases and decreases throughout the day.  These trends 
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should be present during the summer high ET season, and be minimal or almost absent in winter.  
Another issue that can now be assessed is how thickly banded with noise the signals is.  The 
more vertical scattering caused by noise, the harder it will be to examine smaller hydraulic 
events. 
 
This examination will give an indication of how useful the sensor is for use as a GL.  If a ML 
time series is composed entirely of sharp jumps up and slower declines down, without much 
vertical scattering from noise, it is likely to be very useful.  Sensors that show other phenomena 
such as slow upwards trending or sudden drops in pore pressure are judged to be less useful for 
measuring near surface moisture loadings. 
4.5.2 Comparison to precipitation data 
 
Precipitation was assessed in two ways.  The first was to compile the ML response to a series of 
known precipitation events (as measured by available rain gauges) and to evaluate the correlation 
statistically.  The second approach was to examine the fidelity (magnitude and timing) of the 
observed ML signal with individual rainfall events.    
 
To statistically assess the ML precipitation, the value of change shown in the moisture loading 
was required. This number was recorded from the plot of moisture loading at the times of 
precipitation as recorded by the rain gauge.  The ML recorded precipitation values could then be 
compiled into a plot, where the rain gauge data was plotted against the corresponding ML 
reading.  The chart was then assessed with a linear regression and a R2.    
 
For a single rainfall event, a time series of a large event was plotted overlapping with the ML 
readings and rain gauge readings.  This plot can show the effects of the rainfall to the reading 
pore pressure formation.  This should show the fidelity of a ML to the local weather station on an 







4.5.3 Comparison to evapotranspiration data 
 
ET data for comparison to the ML loading data for this project has two sources.  Firstly, from 
eddy covariance data generated by McMaster university personnel for the 2014 and 2015 high 
ET season as outlined in Chapter 3.  It should be noted that no energy closure has been applied to 
that data, although in section 5.6 an energy closure value is estimated from the water balance 
data.  A second source of ET data is estimation of the maximum potential evapotranspiration 
(PET) that might have occurred based on conventional weather station measurements.  This 
estimation is performed using the Penman-Monteith (P-M) equation (e.g. Granger and Gray 
1989, Allen et al. 1998, Kashyap and Panda 2001).  For P-M estimation, the PET is always equal 
to or higher than the AET.  As such, AET is often estimated as a fixed percentage of the 
calculated PET.  The ML series is likely to reflect the AET, and therefore an estimation of the 
percentage of P-M PET used to estimate AET may be made from the ML. 
4.6 Development of a partial water balance 
 
There is potential application of the ML to establish a simplified water balance comparing P, ET, 
and DS at selected site locations.  The method for this is, firstly, the ML has the precipitation 
subtracted and the evapotranspiration added to it.  What remains is a combination of several 
factors.  The net percolation of moisture that has seeped out of the domain on the subsurface is 
seen as a decline in pore pressure.  Secondly, the runoff, if any is present, representing overland 
flow out of the sensor’s domain is also seen as a declining pore pressure trend.  Thirdly is the 
residual representing any under or over estimation of precipitation or evapotranspiration.  For 
precipitation, this would likely come from rainfall over part of the sensors sensing area, but of a 
different intensity on other parts of the sensor’s sensing area.  For evapotranspiration, this may 
come from several things, but for EC estimations, it may be the result of the lack of an energy 





5 RESULTS AND DISCUSSION 
 
The loading efficiencies obtained from the piezometer data are summarized and discussed in this 
chapter.  These loading efficiencies were then used to develop a moisture loading estimate for 
selected sites which were then compared to independent measurements of specific components 
of the water balance (i.e. precipitation and actual evapotranspiration).  The application of this 
approach to develop a site-specific water balance is also illustrated.  This chapter also includes a 
discussion of the limitations and failures of the instrumentation and the limitations in estimating 
hydrological measurements from these data sets.   
 
The first thing is to check for sensors that have, in some aspect, failed.  The presence of 
barometric transients in the pore pressure indicates that a sensor is able to detect total stress 
changes within the pore pressure.  As such, moisture loadings should also be able to be detected.  
Of the moisture loadings which are visible in the pore pressure, the most distinctive are the short-
term rainfall loadings. 
 
The results presented in this section loosely follow the methodological chronology laid out in the 
previous chapter.  First, the data collection approaches utilized in the study will be discussed 
along with the generated pore pressures data sets including the barometric calibration.  The raw 
readings with the barometric transients removed will then be presented and discussed with 
respect to the hydrogeological setting of the VWPs.  The corrected pore pressures are then 
presented and discussed as moisture loadings where they are compared to other independent 
hydrological measurements. Finally, a full annual cycle of change in stored water volume is then 
presented and discussed using only the data from the moisture loading trend which appears to be 
the closest to the actual hydraulic conditions.  This annual cycle of storage changes is compared 








5.1 Data collection and raw pore pressure 
 
The raw VWP data was collected from the dataloggers and converted to pressure as outlined in 
the previous chapters.  For all data sets, some data was useable (i.e. continuous for a significant 
length of time) and some was unusable for various reasons.  What follows is a discussion of the 
portions of data that were determined to be unusable.  The useable data is discussed in the 
sections following this one. 
 
Due to site conditions, there are obvious breaks in the data record.  One example of these breaks 
was the shutdown of the monitoring cycle during extreme cold (Winter of 2013 until spring of 
2014) most likely due to loss of power (i.e. battery voltage drop due to extreme cold 
temperature).  That specific failure was systemic, but there were many other data breaks for other 
reasons including: memory overrun, faults in sensor grounding, data collector failure, and other 
miscellaneous problems. These problems form general data gaps that will be seen in the resultant 
pore pressure time series readings. 
 
There were several specific problems encountered with data collection.  The barologger’s 
internal clock was offset from the internal clock of the dataloggers early in the monitoring 
program (i.e. the two instruments were set to take readings at different times).  The same 
intervals were maintained between the datasets, and therefore the datasets had to be linearly 
interpolated between readings to allow for time series analysis to be performed on the data. Once 
this error was understood, it was corrected by resetting the internal clocks for all instruments to 
the same timing. 
 
The barometric record was also not continuous as outlined in Chapter 3. This change may have 
caused errors in the barometric correction since the elevation difference may have resulted in 
small differences in barometric pressure between the two sensors due to orographic pressure 
differentials.  This was mitigated by not appending the VP-09-32-03 barometric data to the 
BHLB07 data, but rather running the analysis separately for each data set.  Additionally, having 
an orographic offset between the barometric data sets is not fatal to the analysis as it relies on the 
change within the barometric set rather than its absolute values. 
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Estimation of loading efficiency was attempted on all the data collected from the research 
specific VWPs with subsequent removal of the barometric transients based on an estimate of the 
loading efficiency.  There were very few data sets generated prior to the RST installation for the 
SCL geotechnical VWPs.  Data that was collected on the geotechnical monitoring VWPs tended 
to be only a few days or weeks in duration with several months of intervening data gaps. Very 
little analysis could be done with this data and, as such, it is not used in the results.  This limited 
the analysis of the SCL geotechnical VWPs to a time window from April 2015 to May 2016. 
 
Two VWPs that could not be used were BHLB04 and BHLB05.  During calibration, BHLB04 
and BHLB05 were both found to be not responding as expected to the barometric inputs.  The 
raw piezometric pressure for those VWPs, uncorrected for barometric fluctuations, is shown in 
Figure 5.1 to Figure 5.3.  BHLB04, at the crest of the SBH landform, has intermittent disruptions 
and appears to be slowly declining from an initial high pressure (> 200 kPa) after installation 
towards zero.  There is a large stretch where the sensor appears to be working correctly but with 
a reading of zero.  These points have been left in Figure 5.1.  Any attempt to correlate these pore 
pressure readings with barometric pressure readings do not show any influence of barometric 
pressure.  This can be verified by eye in Figure 5.2 as the scale of barometric fluctuations is 5-10 
kPa, and even after scaling the barometric signal by γ, no reasonable influence of barometric 




Figure 5.1 – BHLB04 raw pore pressure 
 




BHLB05, located low on the SBH landform, also shows a declining pore pressure as shown in 
Figure 5.3.  The pore pressure starts at 25 kPa and quickly declines to a negative pore pressure, 
which may indicate unsaturated conditions.  There is a continuity break in April of 2015 where 
the datalogger is changed to the RST system and the subsequent pore pressure trend becomes 
less noisy.  This is possibly due to the RST datalogger’s internal design or better thermal 
shielding; however, these are just speculative guesses.  This pore pressure time series has no 
correlation with the barometric pressure trend similar to BHLB04, therefore it cannot be 
calibrated to a loading efficiency, and moisture loadings cannot be seen.  Neither BHLB04 nor 
BHLB05 will be used in the remainder of this analysis. 
 
 
Figure 5.3 – BHLB05 raw pore pressure 
 
5.2 Loading Efficiencies and Corrected Pore Pressure Records  
 
Table 5.1 shows loading coefficients and the methods used to generate them.  In all cases, the 
final judgement on LE/γ (LE is being used to indicate a BRF fit) was confirmed by a visual 
inspection as outlined in Section 4.3 based on the judgement that the fit should provide the most 
complete removal of barometric transients; and, that high frequency noise should be minimized. 
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In all cases where a substantial lag time was detected, the BRF method was found to be more 
suitable.  
 
The installed sensors (BHLB01, 02, 03, 07, and 08) show a more compressible material 
(indicated by a higher γ/LE) that allows a larger portion of the barometric stress to be borne by 
the pore pressure.  These sensors tend to cluster around a γ/LE of 0.9 - 0.95 with a high of 0.965 
to a low of 0.800.  They also show a time lag of around 1-1.5 hours, with a high of 5 hours and a 
low of either a small or non-detectable time lag.  The geotechnical VWPs showed a much wider 
variety of responses, from a γ/LE of 1.0 to a low of 0.58.  This low value indicates a somewhat 
stiffer material than was observed by the BHLB sensors.  These time lags were generally very 




Table 5.1 – Calibration Parameters for all GWLs 

















SWSS BHLB07 BRF 0.90 90 KC 343.7 45.4 
SWSS BHLB08 BRF 0.90 90 KC 339.9 29.5 
Natural BHLB03 BRF 0.96 600 KC 325.3 23.0 
SWSS VP-12-32-02 – 
Upper Tip 
BRF 0.78 10 KC 332.0 55.1 
SWSS VP-09-32-03 – 
Upper Tip 
Linear 1.00 - KC 346.0 16.0 
SWSS VP-09-32-03 – 
Middle Tip 
BRF 0.88 240 KC 339.8 22.2 
SWSS VP-09-32-03 – 
Lower Tip 
BRF 0.85 20 KC 333.4 30 
W2 BHLB01 Linear 0.97 - KC 325.4 26.4 
W2 BHLB02 BRF 0.80 120 KC 328.9 17.4 
W1 SIVP080046 – 
Upper Tip 
Linear 1.00 - KC 320.7 45.7 
W1 SIVP080046 – 
Middle Tip 
Linear 0.83 - KC 308.5 57.9 
W1 SIVP080046 – 
Lower Tip 
BRF 0.70 < 10 KC 302.4 64.0 
W1 SIVP080069R 
– Upper Tip 
BRF 0.58 < 10 PL 336.3 18.3 
 
It was noted that the time lag characteristics of BHLB08 appears to change after the datalogger 
was swapped out, with the 2015-2016 data having almost no time lag.  There are several possible 






● there may have been some error due to swap of the piezometer to the RST logger system, 
or the barologger to the RST system.  This may be caused by differences in the wiring 
between the two systems, differences in the internal electronics or shielding of the data 
loggers, or other physical characteristics that differ between the two dataloggers,  
● it may be that the earlier time series has enough noise or other transient events causing 
scatter in the data to be causing a poorer fit in the regression analysis, 
● in the RST system all the logger timing events are controlled by a central timing setting, 
while the Solinst barologger and Geokon datalogger had to be individually set to the time 
of the logging computer, and, 
● the readings could potentially have drifted over time with temperature and voltage 
problems.   
 
For the rest of this discussion, the data for BHLB08 was calibrated with a 90-min time lag, 
except for the data from 2016.  The 2016 data are calibrated with no time lag.  The LE value for 
BHLB08 does not vary between these two different data sets. 
 
5.3 Correct Pore Pressure examined by Sensor and Landform 
 
Once the calibrations were completed, the pore pressure data sets were corrected for barometric 
transients based on a selected loading efficiency.  The corrected pore pressure was examined to 
determine if any hydrogeological influences due to siting were visible in the corrected pore 
pressure, and to check for any readily identifiable hydrological events.   
 
Ideal sites for moisture loading analysis have a relatively uncomplicated hydrogeological setting 
and would generally show a pore pressure trend that undergoes limited but gradual changes.  The 
expected annual range of change associated with moisture loading would be on the order of 0 - 5 
kPa (~0 - 500 mm H2O).  Large or rapid fluctuations in the pore pressure due to the 
hydrogeological system make interpretation of the hydrological events using the VWP more 
difficult, particularly in the case of the small daily changes in pore pressure associated with 




The trends observed in the various VWPs are grouped by landform and the geologic formation 
into which they are completed.  The only sensor that is not on a specific closure landform was 
installed at the background site (BHLB03), which is close to the SWSS sand dyke and forms part 





SWSS is the most instrumented closure landform involved in this project.  There were 2 VWPs 
installed on the landform (BHLB07 and BHLB08) and one VWP installed past the toe of the 
dyke (BHLB03).  An additional 4 sensors installed as geotechnical monitoring were also 
assessed using GWL methodology: a stack of 3 VWP’s on a lower bench of SWSS (VP-09-32-
03) and the upper tip of a stack of 2 VWPs installed on the upper dyke (VP-12-32-02).  The three 
sensors that were installed specifically as part of this project are considered first.  A cross section 
of SWSS is presented in Appendix D.  This cross section is perpendicular to the crest of SWSS 
through from BHLB07 to BHLB08 and shifted to the south at the toe of the slope to pass through 




The VWP for BHLB07 is on a high terrace on the dyke, but not at the crest, and is installed into 
a KC horizon below the sand tailings.  The corrected raw pore pressure is shown in Figure 5.4.  
The sensor was monitored from mid-2013 to mid-2016 with some data breaks due to datalogger 
problems and the datalogger swap in April of 2015.  In some cases, there is a relatively 
instantaneous changes in pore pressure which could not be correlated to a possible cause.  It was 
assumed therefore that these instantaneous discontinuities were caused by errors in the dataset or 





Figure 5.4 – BHLB07 Pore Pressure 
 
There is an initial rise in pore pressure of approximately 10 kPa and then a nearly continual 
decline over the following year and a half.  The first portion of this decline is likely attributable 
to well recovery from drilling, but at some point, likely in early 2014, it transitions to a different 
mechanism. It may be that this large decrease in pore pressure has an underlying hydrogeological 
cause.  From June until September of 2015 there seems to be a 3 kPa (~ 300 mm) rise and 
subsequent fall which possibly reflects the influence of freshet; however, freshet should have 
started before July.  A second similar 2 kPa (~200 mm) rise and fall occurs in early 2016.  This 
appears too early in the year to be freshet.  It seems probable that both events may have been 
caused by some other hydrogeological influence.  Hydrological trends are evident in 2014, and 
can be seen in the sharp rises in pore pressure, interspersed with slow declines.  This indicates 
that for some time periods, moisture loading and especially precipitation can be seen. The 
unexplained rises and falls, however, indicate that evapotranspiration trends are likely to be 
superimposed with the hydrogeological influences.  It is possible that those influences could be 




A possible mechanism for the cyclic rises and falls apparent in the BHLB07 record is lateral 
stress transfer from the changes in the SWSS pond freeboard.  A rise in the SWSS pond level 
would act as a surcharge on the SWSS dyke and underlying foundation as well as initiating an 
excess pore pressure which would dissipate through the adjacent soil layers as a dampened 
transient pulse.    
 
The large recovery fluctuation early in the BHLB07 dataset will eventually dissipate out of the 
excess pore pressure of the formation as the excess undrained pore pressure transitions to drained 
pore pressure. After recovery and as on an ongoing basis, this pore pressure record may become 
increasingly useful as a data set for examination as a ML. 
 
The pore pressure for BHLB07, groundwater table readings from a nearby (~10 m away) 
surficial standpipe piezometer, and SWSS freeboard levels were all cross plotted with the same 
scale to attempt to see if this mechanism can be found, shown in Figure 5.5.  The freeboard 
shows a steady rise throughout the time series, while the ground water table starts out stable and 
then rises ~ 4 kPa.  There is no clear correlation between the three series.  Lateral stress transfer 
from the SWSS freeboard should influence the pore pressure, and at the same time, while 
changes in the ground water table should be lagged due to pressure propagation through the KC 
layer.  The effect of the various inputs should result in one of two scenarios: that a loading is 
instantaneous or that it is transient, and as such exhibits lag.  There is no evidence of 
instantaneous loading in Figure 5.5, therefore any effect of the GWT and SWSS reservoir level 
must be lagged. To attempt to remove these hydrogeological influences from the pore pressure 









The pore pressure record in BHLB08 spans from the summer of 2013 to the end of spring 2016.  
The pore pressure record is shown in Figure 5.6.  The pore pressure trend doesn’t show the same 
type of recovery as was seen in BHLB07.  It shows an increase throughout the summer of 2013 
and then it begins a decline in fall of 2013 to January of 2015.  It is interspersed with sharp rises 
in pore pressure which are likely due to precipitation events, this assumption is examined further 
in the thesis with a statistical comparison to rainfall records.  From the beginning of 2015 to 
2016 it shows an increase to a peak in July of 2015 and then declines again until the end of the 
data track in Spring of 2016.  The gradual declining pore pressure may represent decreases in 
water storage which may also be due to a drainage of the dyke or water losses from the surface.  
Since the decline appears to continue throughout the winter in 2013 (assumed), 2014 and 2015 it 
suggests that drainage or sublimation may be the causal mechanism.  The connection at the data 








The corrected pore pressure record for BHLB03 is shown in Figure 5.7.  This trend shows 
recovery in the last half of 2013.  The sensor then goes offline throughout winter 2013-2014 and 
when it comes back online there is some unreliable data.  The sensor shows a large jump at the 
end of spring 2014.  This large jump may be due to a large rainfall (30 - 40 mm) at the end of 
May that is seen in both SWSS and SBH weather stations.  Through late summer and into fall of 
2014 the pressure increases, but not generally in jumps commonly associated with rainfall (one 
rainfall event may have been recorded in late September 2014).  Rather, it has a linear trend up 
until the data gap through to 2015.  This trending implies some non-hydrological explanation for 
the change in pore pressure.  The datalogger was replaced in March of 2015, with the first data 
from the sensor being unreliable for some reason, and as such is omitted until May.  The data 
trend from April through to the fall of 2015 shows reasonable results, with large jumps indicating 
rainfall events.  There is then an increasing trend through to Spring of 2016, which is similar to 
the one from the fall of 2014, however at a much smaller slope.  The increasing trends through 
fall and winter indicate mass increase, perhaps from snowpack accumulation.  It is possible that 
this rise is associated with a general rise in water levels as drainage from the SWSS dyke enters 
local groundwater slowly over the winter.  During spring there is a mass loss with may be due to 
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Figure 5.7 – BHLB03 pore pressure trend 
 
SWSS Cross Section Sensors 
 
The three SWSS sensors are indexed and compared in Figure 5.8.  BHLB07 and BHLB08 show 
similar trending, but with differing slopes in 2014.  This may possibly be due to a ‘hinge’ effect 
of hillslope drainage where upper sites will drain more quickly than lower sites.  The beginning 
of the year shows a small bump up at the same time, perhaps due to spring rainfalls.  They then 
decline at differing rates as noted above.  At the early portion of 2015, all three records look 
similar; however, later into the spring and summer, BHLB03 and BHLB08 now show a 
correlation while BHLB07 begins its strange rise.  BHLB08 alone seems to be responding to 
moisture loading changes at the end of 2015 and into 2016. 
 
The ML at the SWSS cross section sensors have the potential to be influenced by pore pressure 
changes resulting from changes in the SWSS ponding level.  A cross section in Appendix D 
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shows the relationship between these sensors and the SWSS pond.  A positive change in pond 
elevation should result in an increase of pore pressure.  This trend is not seen for BHLB07 and 
BHLB08.  BHLB03, which does show some positive pore trending across a similar time frame 
as the pond elevation is increasing, is far enough from the pond that it seems unlikely that an 
effect could be seen.  Any effect that is seen in BHLB03 should also be noticeable in BHLB08 




Figure 5.8 – Comparison of SWSS ML trends and SWSS pond level 
 
SCL Geotechnical Sensors on SWSS 
 
There are 4 SCL sensors on the landform:  the triple stack at VP-09-32-03 and a single 
monitored sensor at VP 12-32-02.  The 09-32-03 sensors are shown indexed against one another 
in Figure 5.9.  The upper tip has an intermittent signal, leading to the fragmented signal seen in 
that figure.  The pore pressure increases through the fall and declines in winter into spring, where 
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the signal levels out again.  The intermittent signal makes it difficult to analyze the signal 
coming from the upper layer.  The middle tip shows a steady signal through fall and then 
declines into winter, before beginning to rise again in the next spring.  This seems reasonable; 
however, the scattering of the signal appears to be nearly 1 kPa, or in hydrological terms, 
approximately100 mm of water, making it very difficult to analyze except as a trend.  The lower 
tip shows a clearly defined trend declining in fall, rising in winter, and beginning to decline again 
in spring.  This is the clearest trend, but it also shows a noise band of about 0.75 – 1 kPa.  The 
lower tip also shows many data breaks which, perhaps, are due to an intermittent fault in the 
sensor ground.  This will make it difficult to interpret any precipitation signals from it. The long-
term trends might be useful to analyze evapotranspiration in all cases.   
 
 
Figure 5.9 – 09-32-03 sensor stack corrected and indexed 
 
VP-12-32-02 is shown in Figure 5.10.  The pore pressure fluctuates ~6 kPa over the course of the 
year.  There is some sensor error which shows up in the trending that makes analysis for 
individual moisture loading events almost impossible.  No potential rainfall events can be seen in 
this trending.  Evapotranspiration has the potential to be seen, with a rise through summer of 
2015 and a decline through fall and winter, with a rise beginning again in spring of 2016.  There 
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are also some sensor faults of unknown origin in this data trend which is characterized by 
vertical bands.  
 
 
Figure 5.10 – Pore pressure for VP-12-32-02 
 
5.3.2 W1  
 
W1 has 4 monitored VWPs at 2 sites.  The uppermost site has a sensor stack (SIVP080046) that 
contains 3 sensors.  The lower site also has a sensor stack (SIVP080069R) that contains 2 
sensors, of which only one is monitored.  The data set for these begins in March of 2015 when an 
RST datalogger was installed after the upgrade.  Some data exists from before 2015; however, 
the data has numerous discontinuities that will not all it to be processed as described in 
Chapter 4. 
 
The lower site pore pressure, shown in Figure 5.11, shows some remaining influence of 
barometric pressure, or other influence.  This influence, viewed as a band, is about 0.3 kPa in 
width, which is large compared to the hydrologic events that should be seen in the corrected pore 
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pressure.  The pore pressure drops about 1.5 kPa over the course of the summer of 2015 to early 




Figure 5.11 – W1 lower site (upper tip) sensor pore pressure 
 
The upper site has data from all three sensors, shown in Figure 5.12; however, the upper tip 
provided an inconsistent signal, and would drop to 0, and then come back up over a series of 
readings.  This prevented it from being calibrated properly with either a linear method or an 
automated BRF calculation without a large amount of excision of data.  The small trace that is 
remaining does correlate well to the middle tip’s data over the same period.  The middle tip 
reflects a gradual decline in pore pressure of just over 2 kPa over the year of monitoring.  These 
trends match the effects of the lower site as; however, it stabilizes slightly earlier and begins to 
decline again in spring of 2016.  There is about 0.5 kPa band over which the sensor operates.  
The lower tip shows wild variation.  This may be due to some loadings from adjacent aquifers, 





Figure 5.12 – W1 upper site pore pressure indexed to 0 
5.3.3 W2 
 
The W2 landform has 2 VWPs; BHLB01 near the crest and BHLB02 midslope.  Some data from 
the early portion of this project was found, however there is a suspected shielding error on 
BHLB01 which interfered with data collection.  Once the RST system was installed in 2015, data 
collection was much more consistent.  
 
The pore pressure for BHLB01 (Figure 5.13) begins with a rapid decline of pore pressure as the 
sensor recovers from installation.  Then the data interrupts (BHLB01 showed consistent 
problems interacting with the Geokon loggers) and is only brought online for a short period in 
late 2014.  When the RST system is installed in 2015, it begins to show pore pressure readings 
that may correlate to a moisture loading trend, with rainfall “jumps” followed by declines; 
however, there is some error in early fall of 2015.  The appearance of the jumps is somewhat 
atypical because at the beginning of every large rainfall the pressure would undergo a large drop 
and then recover just post rainfall to a point above the assumed rainfall.  That is to say: if the ML 
is measured from a few hours prior to the rainfall against a few hours post rainfall you get an 
assumed rainfall loading.  If you measure from the readings just prior to the rainfall to just after, 
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then the reading is much larger.  There is a large drop in moisture load near the start of the 
rainfall, which then stops and swings upwards and overshoots the assumed rainfall load.  This 
may be a barometric pressure fluctuation but should have been removed with the rest of the 
barometric pressure readings.  It stabilizes after the rainfall into the post rainfall ML level.  This 
large oscillation masked the magnitude of the rainfall, and as such was excised from the data.  
Additionally, this sensor was affected by the RST base station overwriting its data on several 
occasions throughout the summer, which contributed to the fragmentation of the time series.  The 
sensor continues to decline into 2016 which is reasonable if the landform is undergoing a slow 
change in stored water volume change over the winter.  This is at a much shallower negative 
slope than the summertime trends which may be consistent with less evapotranspiration (possibly 
due to ablation) and other losses during the winter. 
 
 
Figure 5.13 – Pore Pressure of BHLB01 
 
The pore pressure lower down in the W2 landform at BHLB02 is shown in Figure 5.14.  This 
pore pressure shows a continual almost linear decrease throughout the collection window.  It 
decreases until spring freshet and then regresses back to an underlying value during the late 
summer and early fall period.  There are some events in spring-summer 2015 that may be rainfall 
events.  There is no evidence to decide if the flat portions in spring and summer of 2014 and 
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2015 are some sort of error or actual phenomenon that effects the data trend.  The summer of 
2015 seems to be reasonably influenced by hydrological trends except for its increase in March 
of 2015 and decline in September 2015. 
 
 
Figure 5.14 – Pore pressure of BHLB02 
 
5.4 Moisture loading and comparison to hydrologic readings 
 
A smaller subset of the instruments were selected to evaluate for moisture loading signals 
following examination of the loading efficiencies, pore-pressure dynamics, and pore-pressure 
trends for the data sets.  This will be done by first examining how the ML trends can be 
interpreted for precipitation events and evapotranspiration.  An annual cycle of moisture loading 
based on the data from one of the instruments will be also presented as an illustrative example.   
5.4.1 Precipitation 
 
Precipitation events are discernible in some of the pore-pressure records as discrete events. They 
show a nearly instantaneous (on at yearly or monthly scale) upticks in the moisture loading trend.  
GLs that appeared to show correlation to these hydrological events were used in an analysis that 
compared the timing and magnitude of apparent events to independent measurements of 
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precipitation.  For those sensors found on or near SWSS, the weather station there is used.  For 
those in the W1/W2 region, the meteorological data from the W1 landform is used.  The distance 
from each of the VWPs to the associated meteorological station is shown in Table 5.2.  
 
Table 5.2 – Distance between VWP’s and Meteorological Stations 
VWP Distance from SWSS 
Meteorological Station 
(m) 
 VWP Distance from W1 
Meteorological Station 
(m) 
BHLB07 410  BHLB01 990 
BHLB08 150  BHLB02 1090 
BHLB03 1070    
VP-09-32-03 280    
VP-12-32-02 650    
 
To compare the two phenomena, the daily rainfall data from the meteorological station was used.  
The ML was viewed for that day and any sharp rises from the perceived general trending of the 
ML were recorded.  In some cases, it became very difficult to interpret any change in ML as 
being distinguishable from the general noise in the ML, in which case the rainfall was recorded 
as 0.  The results are cross plotted to try to evaluate the relationship between the two 




The comparison of the precipitation loading response as detected at BHLB07 with the SWSS 
meteorological station is shown in Figures 5.15 and 5.16.  Figure 5.15 shows the entire record 
and Figure 5.16 is for only those GL readings above the instrument’s resolution limit (8.9 mm or 
higher).  Different instruments and instrumentation setups will have different resolution limits.  
This instrument is operating at the factory settings which suggest that the limit is 8.9 mm; 
however, the resolution may vary with the installation and analysis and in some places appears to 
be much lower.  Data averaging may improve this data if performed at higher frequency and 
averaged to the frequency required for the analysis (i.e. averaging 1 Hz data and downscaling it 
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for 10-minute resolution.  That was not done on this data due to hardware constraints.  The data 
are presented as a raw correlation and with the values below the resolution limit removed to see 
the impact of the low value scatter on the correlation between the rain gauge and the ML. 
 
There is clearly a general agreement between the GL readings and the recorded precipitation.  
This agreement shows validates that surficial loading translates to changes in pore pressure, and 
that such readings in the moisture loading trend can be labelled as hydrological events.  Errors in 
these readings, whether seen as scatter in the data, or incorrect slopes, can be interpreted in the 
context of sensor noise, pore pressure transients that serve to mask the rainfall events, and 
variation in the loading coefficient used for barometric removal. 
 
At low rainfall values, the GL readings are higher than those measured with the rain gauge.  This 
may be because the typical precipitation event also involves a change in barometric pressure and 
temperature.  There may also be a undercatch at the rain gauge at low rainfall values.  
Undercatch can vary according to the wind speed and can be up to 20% depending on site 
conditions. The rainfall may not be perfectly even over the sensing area, leading for more 
reported rainfall than is seen at the gauge, but this is speculative.    
 
Agreement between the GL readings and the rain gauge is much improved for larger 
precipitation events. Figure 5.16 highlights the good agreement (slope of 1.05 and a R2 of 0.70) 
between the GL and rain gauge readings for GL responses greater than 8.9 mm.  Even with this 
filter there is more scatter at smaller rainfall values, likely due to there being more numerous 
small events.  The possibility that this is due to inaccuracies in the rain gauge measurements 
themselves cannot be entirely ruled out for these lower values.  The precipitation gauge readings 
are likely very accurate and increasingly dependent on the rain gauge location relative to a small 





Figure 5.15 – BHLB07 readings correlation with SWSS meteorological station 
 
 
Figure 5.16 – Precipitation correlation between BHLB07 and SWSS meteorological station for 





BHLB08 is located closer to the meteorological station than BHLB07 was and therefore should 
have better fidelity to the loadings than BHLB07 did.  Figure 5.17 shows the correlation of all 
rainfall gauge readings to the associated moisture loading changes.  
 
Figure 5.17 – BHLB08 readings correlation with SWSS meteorological station 
 
Once again, the correlation between the GL and the rain gauge readings are good (slope of 1.01 
and a R2 of 0.73).  It is interesting to note the presence of a clear intercept in the correlation with 
the best fit line offset by approximately 3.5 mm with the readings from the GL being higher than 
those from the rain gauge.  It cannot be determined if this is because the point reading at the 
rainfall gauge and the areally averaged value of the GL are systemically different, or perhaps 
because of some other factor like the barometric pressure and temperature changes associated 
with rainfall skewing the GL results upward. 
 
Figure 5.18 shows the same data with the results below the resolution limit (8.9 mm) removed.  
This shows a slope that is diverging from the 1:1 line.  The divergence is due in part to two 
rainfall events recorded by the rain gauge that were not observed in the GL.  The R2 remains at 
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0.75.  There is a relatively low number of rainfall events above the 8.9 mm cut off, giving a 
statistical n value of 4. 
 
Figure 5.18 – Precipitation correlation between BHLB08 and SWSS meteorological station for 




BHLB03 is the sensor that is located the farthest from the SWSS meteorological station at ~1 
km.  As such there should be more scatter to the results.  The comparisons for entire data set as 
well as the events greater than the resolution limit are shown in Figures 5.19 and 5.20, 
respectively.  The fit between a 1:1 line and the best fit line for the scatter plot is not good.  The 
slope of the best fit is 0.55 for all data and 0.61 for those measurements above the sensor 
resolution.  For larger events, most events fell below the 1:1 line, indicating that either there was 
less rain in the BHLB03 site.  The increased scatter in this data is not unexpected given the 





Figure 5.19 – BHLB03 readings correlation with SWSS meteorological station 
 
Figure 5.20 – Precipitation correlation between BHLB03 and SWSS meteorological station for 
all readings above the resolution limit 
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VP-12-32-02 and VP-09-32-03 
 
The correlation between VP-12-32-02 and the SWSS meteorological station can be seen in 
Figure 5.21 below.  The location for VP-12-32-02 is on SWSS at approximately the same 
elevation as BHLB07; as such their correlation should be similar.  Only data after the RST data 
logger install (summer of 2015 until 2016) is shown.  There are almost no inferences that can be 
drawn from this graph.  Only 2 data points exist after above the resolution limit.  The only 
inference that can reliably be made is that some larger rainfalls can be seen in the ML data. 
 
 
Figure 5.21 – VP-12-32-02 readings correlation with SWSS meteorological station 
 
The correlation between VP-09-32-03 and the SWSS weather station is shown in Figure 5.22 
below.  This graph is largely similar to Figure 5.21.  Again, there is only one data point recorded 
above the resolution limit.  That data point is close to the 1:1 line which indicates that there 








BHLB01’s correlation to the W1 meteorological station is shown in Figure 5.23 and Figure 5.24 
below.  The correlations show only a few points which are over the resolution limit.  These 
points have a good slope; however, they are consistently 15 mm under the 1:1 line.  Once again, 
the statistical n of this site is hampered by the lack of data.  There are clearly some readings that 




Figure 5.23 – BHLB01 readings correlation with W1 meteorological station 
 
Figure 5.24 – Precipitation correlation between BHLB01 and W1 Meteorological station for all 






BHLB02, shown in Figures 5.25 and 5.26 below, shows more data than BHLB01.  There is a lot 
of scatter and there are several 10-20 mm precipitation events (as recorded by the meteorological 
station) which are not seen by the BHLB02 VWP.  This may be due to the distance, or it may be 
due to noise in the sensor, or the complicated hydrogeological setting.  Without the readings 
below the sensor resolution limit, the slope looks good; however, it is being skewed downwards 
by the under reported BHLB02 readings.  Several of the readings are on the 1:1 line, but none are 
above.  The scatter in this graph is similar to Figures 5.19 and 5.20 for BHLB03.  The exception 
is that there is only 1 reading above the 1:1 line. 
 
 





Figure 5.26 – Precipitation correlation between BHLB02 and W1 Meteorological station for all 
readings above the resolution limit 
5.4.2 High Frequency Precipitation 
 
The previous comparison between the GL readings and the rain gauge was focused on the 
magnitude of daily rainfall.  In this section, the timing and pattern of a selected rainfall events is 
compared to the GL measurements of moisture loading.  To view the high frequency response of 
the ML to a rainfall event, a single moisture loading event was compared with 60-minute data 
from the precipitation gauge and 10-minute data for BHLB08, BHLB07, and BHLB03 moisture 
loading, shown in Figure 5.27.  The time dependent response of both sets of instrumentation is 
highly correlated including storm duration and magnitude, with BHLB03 showing some 
reduction in cumulative rainfall. 
  
To attempt to understand the fidelity of the sensor to the tipping bucket rain gauge, the specific 
records for impulse (dP) are compared for this rainfall event in Figure 5.28.  The ML data is 
downscaled to 60-minute frequency to match the rain gauge data.  During the rainfall the hour by 
hour rainfall records match well.   
73 
 
These comparisons demonstrate the theoretical correlation to the rain gauge records.  The 
cumulative loading specifically matches very well.  The loading impulse graph shows an 
oscillating reading on a 10-minute scale.  This could likely be smoothed out with some 
averaging; however, it was left without averaging to show both the accuracy of the GL in reading 
single impulses and the banding effect seen by the 8.9 mm resolution limit of the VWP that the 









Figure 5.28 – Rainfall event time series captured by ML loading change and rainfall gauge 
5.5 Evapotranspiration 
 
To investigate for the presence of ET within the ML, a simple visual method is used; viewing the 
ML and compare it to various estimates or measurements of AET. Trends of combined 
precipitation and AET data will be created, and then compared to the actual ML trend.  
 
5.5.1 Creation of ET time series 
Two methods of determining ET were used for this project.  During the 2014 and 2015 seasons, 
the SWSS landform was monitored with both eddy covariance and P-M estimations from the 
local weather station.  Additionally, the landform had a weather station which produced data for 
a P-M estimation of ET Trends for the years investigated by this project shown in.  The EC 
measurements are a measure of AET while the P-M method calculates the PET.  The EC data 
was only measured from late spring to early fall.  The P-M method is available for a continuous 
daily estimate of PET.  As such, to generate a working estimate of AET estimate, the P-M data is 
linearly reduced to approximate the eddy covariance data.  This estimate of AET is then used to 
evaluate the Moisture loading Data. Figure 5.29 shows the P-M data for 2014-2016.  Figures 
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Figure 5.29 – Penman-Monteith PET estimates for 2014 to 2016 
 
 





Figure 5.31 – All 2015 ET estimates indexed to the start of the EC data 
 
The coefficients seen on Figures 5.30 and 5.31 were used to scale the entire series of P-M data 
for 2014 and 2015.  The 2016 AET data was scaled by 0.625, that being the average of the 2014 
and 2015 scaling coefficients.  The scaled P-M data is shown in Figure 5.32 compared to the 
unscaled data.  This data is then used to evaluate the ML Data.  To make the form of the data 
closer to the ML as seen by the GL, the precipitation data is combined into the PM data such that 
the precipitation shows an increase in moisture loading while the AET reduces it.   
 
There is no energy closure coefficient applied to the EC data, and as such it is likely 20% lower 
than actual evapotranspiration.  The amount of energy closure is hard to estimate as the EC tower 
is located on a terrace in SWSS, near the bottom of one slope with low, grassy vegetation and 
shrubs.  The terrace contains grassy vegetation with some short trees.  To the east is a second 
slope which is well vegetated with mature trees.  Both of the slopes and the terrace are linear 
features, consistent for approximately 1 km to the north and 4 km to the south. As such, the EC 
data is used without an energy closure coefficient.  In Section 5.6, the BHLB08 2018 water 
balance is used to visually estimate what the energy closure might be if the ML data is regarded 
as accurate, with no transients such as runoff or percolation be considered.  This closure 




Figure 5.32 – P-M PET and scaled PET for 2014 – 2016 
 
5.5.2 Visual comparison of ET to the data series 
 
The seasonal pattern of AET and precipitation, calculated in the previous section, are compared 
to the patterns of ML obtained from the GLs.  The focus of this comparison is on timeframes of a 
few days or more in which there was little recorded precipitation, and therefore can be seen 
where vertical jumps are not recorded.  The AET generated by scaling the P-M to match the EC 
data are used in these charts. 
 
Similar patterns of water loss will be generated from the GL time series from BHLB02 and 
BHLB08.  Figures 5.33 and 5.34shows the comparison between BHLB08 and the P-ET estimates 
for 2014 and 2015, respectively.  BHLB01 is also shown for 2015, after the RST install.  The P-
ET trend is shown from March 16 to October 31, as the solid precipitation data is not consistent 
throughout the winter.  These sensors show some potential for ET results.  BHLB07 and 
BHLB03 show other influences on their pore pressure as discussed in previous sections, and as 




The time frames in which the P-AET data and the ML data for BHLB08 overlap show good 
correlation.  The precipitation events seem to happen in the same places in 2014, and the dry 
periods between the precipitation jumps occur in a manner consistent with expected ET trends.  
The slopes do not match throughout the estimate, with the ML showing more assumed moisture 
loss over the course of the year than the scaled PM data indicates.  Towards the end of the year, 
the slopes become closer, but there is some additional noise in the ML in the fall that is not 
accounted for in the P-AET line.  It is unknown what mechanism causes this difference in 
moisture loss.  It could be due to some instrumentation error, an error in the calibration, or 
moisture loss out of the landform. 
 
In 2015, the fit between the P-AET and the ML is much better, with the ML showing less ET in 
July and August compared to the P-AET trend.  Overall, the slopes match more but it appears 
that the precipitation magnitude recorded at the weather station is generally less than the GL 
sees.  There appears to be a large rainfall in early June, in particular, which is quite small in the 
P-AET data but quite large in the ML data.  A point of interest in both the 2014 and 2015 data is 
that the EC records a slower rate of moisture loss in spring than the ML does, but the end of the 
year the slopes of the ML has changed to be a better fit for the rate of loss shown by the AET.  





Figure 5.33 – Comparison of change in moisture loading storage at BHLB08 for 2014 
 
Figure 5.34 – Comparison of change in moisture loading storage at BHLB08 for 2015 
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The BHLB02 comparison of ML to the P-ET estimates is shown in Figures 5.35 and 5.36.  The 
ML from BHLB02 does not correlate well to the P-AET estimates in 2014 but the correlations 
improve in 2015.  A possible precipitation event is shown in June of 2015 which does not 
correlate to the moisture loading trend, but later precipitation events are seen.  In fall, there is a 
large change in the ML signal, and even though there is no ET data with which to compare this 
change, it does not seem likely that it is ET is the cause of this ML given the time of year and the 
amount of decline (~600 mm in less than a month).  Some portions of the ML slope in summer 
do match to the EC line.        
 
 




Figure 5.36 – Comparison of change in moisture loading storage at BHLB02 for 2015 
 
BHLB01 is also shown compared to the ML trend for 2015 in Figure 5.37 below.  This shows a 
reasonable correlation.  In the fall the moisture load levels out nicely.  The precipitation events 
are not well defined in BHLB01, with the sensor failing to show the events well.  The ML 
appears to line up with the precipitation event shown in the weather station record.  As with 
BHLB02 there is an additional event in early June 2015 which was not seen on the SWSS 
precipitation gauge.  The periods of consistent ET shown in BHLB01 show a reversal to 
BHLB08 where the slopes align better in the early parts of the year but then get much steeper 
later in the year than the P-AET data.  If the data for this sensor had less interruptions, then it 




Figure 5.37 – Comparison of change in moisture loading storage at BHLB01 for 2015 
 
5.6 Simple water balance for BHLB08 
 
The water balance for a soil profile can be calculated based on the following equation: 
 
dS = P-AET-R-NP           (5.1) 
 
where dS is the change in stored water volume (mm), P is precipitation (mm), AET is actual 
evapotranspiration (mm), R is runoff (mm) and NP is net percolation (i.e. surface water that 
moves down and joins the saturated zone associated with the GWT) (mm).   
 
A water balance was attempted using the ML from BHLB08.  BHLB08 provided the ML trend 
most likely to provide a ML trend with good fidelity for 2016.  The ML is compared to a water 
balance estimated based on monitored data. 
 
To estimate the ET, the P-M method was calculated from the meteorological data, which was 
collected in SWSS Cell 32 near BHLB08.  This estimate provides the PET, and as performed in 
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the previous sections, the PET was scaled to estimate AET.  As no EC data was available to scale 
this data, the data was scaled by the average of the two previous years, 0.625.  The raw P-M PET 
data and the scaled AET data are shown on Figure 5.38.  Precipitation and ET records are not 
calculated for times where the predominant precipitation is snow, due to no consistent snow 
records being kept.  As such, the P and ET records are presented from March 16 to October 31. 
 
The precipitation records were obtained from the rain gauge near BHLB08.  The combined 
precipitation and evapotranspiration (P-AET) was calculated from April 15, and was subtracted 
from the moisture loading record leaving an estimate of the change in storage.  This change of 
storage is compared to the ML, which is being treated as an estimate of dS.  All of these data are 
shown in Figure 5.38. 
 
 
Figure 5.38 – All hydrological data for BHLB08 in 2016 with a correction of 0.625 
 
The combined graph shows how the water balance (P-AET) compares to the ML for BHLB08.  
A residual is also calculated (ML-(P-AET)) which shows an estimate of hydrologic fluxes that 
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might be seen in the (P-AET) and not in the ML.  This residual line begins at the point that all 
hydrological data is available.  From January until approximately the beginning of April, the ML 
trends downwards, likely due to a continuing but lessening long-term downward trend in the 
pore pressure, which shows more clearly for 2014.  Two mechanistic explanations for the 
declining trend in early 2016 are that it may be due to either drainage of the local groundwater 
(which may be considered NP), or consistent ablation of snow.   
 
It is also possible that this decline is due to vertical dissipation of the excess pore pressure into 
surrounding formations.  Research by Smith et al. (2013) indicates that such pressure transients 
may last up to a year or more in shale formations.  Over the course of the year, the transient will 
gradually dissipate and lose its fidelity to the specific loading.  This allows for reasonable 
expectation of minor pressure dissipation in the short-term (days to weeks) but over the course of 
months and years this mechanism will gradually induce error.  This error is on the order of the 
previous pressure fluctuations recorded in the ML.  They will dissipate proportionally to the 
amount of excess pore pressure in the formation at any particular point in time and the 
conductivity of the formation.  For our SWSS sites, this provides confidence in the short-term 
fluctuations, but less confidence about the overall trend of the ML as the time frame examined 
increases.  Because the change in ML is both positive and negative the overall direction of the 
dissipation is not specifically unidirectional.  Instead it is in the direction of the drained pore 
pressure.  For saturated formations at depth, a large unloading event may cause the undrained 
pore pressure to be lower than the drained pore pressure and therefore have to increase in 
pressure to equalize. 
 
The residual line follows the ML line until late March, and then an increase back towards zero 
during April and early May as AET estimates increase while the moisture load continues at 
approximately the same rate as it had from the beginning of the year.  The residual then 
decreases again from late May until mid-July, after which it remains more stable for the rest of 
the year.  The mechanisms that explain this change may be due to the way the ML ET slopes 
varied against the AET slope.  As these change throughout the year in relation to each other, the 
residual would vary accordingly.  Over the year, the ML shows a change in storage of -15 mm 
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throughout the year, compared with an input (calculated with other instrumentation) change in 
storage of 50 mm.    
 
In June, rainfall begins to be seen in the ML trend, and the P-AET estimate shows the best 
correlation to the ML.  The PET estimate from June through the beginning of August seems to be 
less than the ML record indicates, which is shown by the residual line increasing again.  Once 
again, this is likely attributable to the difference in PET to AET.  Finally, from August to the end 
of December  the ML and P-PET match up quite well, shown by the residual having almost no 
slope.   
 
Direct measurements of R+NP (net surface and subsurface flow of water out of the tailings) are 
not available for this site; however it is interesting to note that previous estimates of these from 
water balance modeling (Huang et al. 2015, Alam et al. 2017) are in the order of 50-60 mm.  The 
scaling coefficient (0.625) that was applied to the P-PET to calibrate the P–M data into an 
estimate of AET was varied to match an assumption that no error, and no hydrological 
phenomena needed to be accounted for except rainfall and ET.  The best coefficient was found to 
be 0.80, which is similar to the 0.7 found for 2014 but further from the 0.55 found for 2015.  
This would represent an approximate 28% energy closure on the Eddy Covariance 
measurements, should all the error in the datasets be attributable to that single component.  The 
data has been replotted showing this correction in Figure 5.39.  This estimate, however, cannot 
be relied upon as there are several unknowns operating in this scenario which are not considered.  
Some unknown effects on the ML readings are: the assumption of no dissipation of pore pressure 
over the examined period, the effect of changes in mechanical loading from the saturated zone, 
any NP or R, and other pore pressure transients.  Depending on the size of these unknowns and 
how they interact, the reliance on energy closure as a factor that can explain all of the variance 
between the ML and P-AET is unwarranted.  As the time-line of this water balance is 
approximately 9.5 months, some dissipation effects and loading effects from the upper saturated 





Figure 5.39 – All hydrological data for BHLB08 in 2016 with a PET – AET correction of 0.80 
 
Seasonal cycles in water levels near to BHLB08 within the sand tailings may show recharge and 
drainage cycles which may be influencing changes in moisture loading detected by the GL.   
The standpipe well hydraulic head change is shown in Figure 5.40 for a 15 mbgl depth, installed 
in the tailing sands.  This well is located within 5 m of BHLB08 on the same bench.  
 
The standpipe installed in the tailings sand shows a loss of approximately 150-200 mm of head 
over the course of the year, in a steady decline.  This may indicate a drainage phenomenon 
within the slope.  As the tailings level lowers, the stress induced in the pore pressure reduces.  
The change in weight is the specific yield (Sy) times the decline in water level.  In this case, for a 
change in water table of 200 mm, and specific yield of the tailings sand assumed at 0.20, the 






Figure 5.40 – Standpipe well near BHLB08 with 15 mbgl depth installed in tailings sand 
 
There is also a soil monitoring station located in the vicinity of BHLB08 which tracks soil water 
content and suction of the near surface soils.  The volumetric water content, measured at the 
SWSS weather station, is shown in Figure 5.41and the matric suction at the same locations and 
depths is shown in Figure 5.42.  For the early portion of the year the soil is frozen, and so the 
measurements should be discounted, however following spring thaw in March the volumetric 
water content rises to around 0.30 - 0.33 cm3/cm3 during freshet.  The 5 and 10 cm till 
measurements show a trend that is very similar to the BHLB08 trend in Figure 5.38.  The 40 cm 
till measurement is more muted, while the tailings sand shows big swings in saturation.  In the 
middle of summer, from July to September, the near surface soils are unsaturated, which may be 
the cause of the change in the BHLB08 moisture load change due to EVT. The near surface 





Figure 5.41 – Volumetric water content at SWSS weather station for 2016 
 
Figure 5.42 – Matic suction at SWSS weather station for 2016  
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6 CONCLUSIONS AND RECOMMENDATIONS 
 
The results section discussed the results, finding what the best-case scenarios were for the 
implementation of GLs into closure landforms specifically, and other potential industry 
implications in general.  It also investigated the potential failure modes that could be seen in the 
project.  What follows are the key findings of the project, lessons learned from the project, and 
recommendations. 
6.1 Key Findings 
 
The moisture loading effects were seen in most of the sensors, and the theory shows that loading 
effects should be seen in all pore pressure records from saturated conditions.  The potential of 
this method is most clearly seen in the BHLB08 results.  This sensor showed a ML trend that 
closely matched the results from EC data, precipitation data, and ET data generated from a 
nearby weather station.  It showed high fidelity to the rain gauge for a single loading event.  It 
showed a small difference (~50 mm H2O) over the course of the year between it and more 
traditional methods that could be attributable to net percolation, error in PET-AET comparisons, 
vertical dissipation, or other sources.  This type of hydrological monitor has the potential to add a 
great deal of nuance to hydrological and hydrogeological estimates of landform performance.  
The output from moisture loading estimates should be taken into account in any numerical 
simulations of coupled stress and flow at locations in mine sites.  Doing so would allow the 
incorporation of moisture storage effects into those simulations.  
 
Other sensors had potential such as BHLB07, BHLB01 and BHLB03 but show influence from 
other hydrological events or had sensor errors which limited their usefulness.  Most of the SCL 
geotechnical VWPs were not useable for these analysis. 
 
The potential of the GL method is that these sensors can either stand alone as a monitoring of the 
general hydrological loading, they can be used as an additional check on the hydrological 
balance to help determine other hydrological factors such as NP, and they can be used as inputs 
to modeling scenarios.  In particular: its potential to verify point readings from other 
instrumentation to averaged surficial loadings is quite promising. 
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6.2 Lessons learned 
 
The overall goal of this project was to evaluate whether methods and techniques which have 
been previously verified from an academic perspective might be applied in an operational 
industrial setting.  A number of the key issues which occur and will have to be addressed to 
make this transition in future will be highlighted in this section.  The major lessons revolve 
around sensor and site selection as well as calibration issues. 
 
The first thing to discuss is the sensor and datalogger system.  Both manual and automatic 
downloading of data have been problematic.  The manual method showed shutdowns and data 
collection problems due to cold weather, sensor/datalogger incompatibility, shielding errors, 
instrument timing errors, and memory overwriting.  While not all of these errors are unique to 
the GL method - in fact none of them are - the GL method works best with more continuous 
datasets and more accurate individual readings.  For example, in one case the sensor was 
unplugged by site personnel to take a reading and was not then reconnected.   
 
The automatic system was, in general, more successful in obtaining the required data records 
although it still suffered from memory overrun issues when the automatic downloading failed.  
This occurred at the Base station locations (BHLB07 and BHLB04).  This specific error may be 
limited to the RST system, but it may be safely assumed that similar issues would exist in any 
automated system.    
 
The issues related to different instruments generating their own timestamps have the potential to 
induce error in the calibration, either from having to interpolate one set of readings to match the 
timing of the other, or by inducing extra lags into the system.  These lags may be resolvable 
using the BRF method but solving the timing issues using BRF methods may lead to incorrect 
assumptions about the interaction of the wellpack and formation if they are unknown at the time 





Sensor selection is a key issue.  The actual pore water conditions should be assessed and the 
sensor with the maximum (full scale) pressure rating that most closely matches the expected 
conditions should be used.  In this case, the sensor resolution is linked to the maximum pressure 
of that sensor.  BHLB03 was installed with a 350 kPa sensor which gives a resolution of 8.9 mm.  
The actual pore pressure at BHLB03 was ~165 kPa.  If a sensor with half the maximum pressure 
had been used, then the resolution should have decreased to < 5 mm.  As seen in the rainfall 
correlations, the resolution limit has an effect in the smallest detectible rainfall limits.  While this 
was a problem within the project installed VWPs, it was even more noticeable in the sensors that 
were loaned to the project from the SCL geotechnical monitoring program.  This was especially 
seen in the VP-09-32-03 data where the data was quite a large “banding” effect which is assumed 
to reflect the sensor resolution. 
 
Averaging is another consideration.  Data can be averaged during collection (i.e. averaging a 
large number of readings as one monitoring point) or post collection.  In this study, only post 
collection data averaging was possible; however, this was not used because an averaging window 
long enough to smooth out the dry periods would also severely affect the precipitation events 
from being clear and distinct. The goal of this project was to determine how best to set up the site 
sensors.  For ET monitoring, and other events that occur over a longer time frame, averaging can 
be assist in showing long term data trends; however, for the monitoring of rainfall data and other 
short-term mass changes the averaging may miss the peaks and lead to underestimation of the 
size of the rainfall.   
 
In general, it is not expected that averaging post data collection (effectively downscaling the 
results) would have “helped” the data enough to make it to the quality of some high-end research 
papers in this field.  Some dataloggers that are used for very fine pore pressure readings have 
been set to collect data at an appropriate interval (10-60 min); however, average the data within 
the data logger at a much higher frequency (e.g. 1 Hz) (Correspondence with Garth van der 
Kamp).  This form of averaging might have helped with data clarity.  This method was 
considered for the project midway through but could not be implemented due to the 




Site selection is also important.  The comparison between BHLB08 and BHLB02 is an example 
of site selection effects.  BHLB08 shows a good agreement with the local moisture loading while 
BHLB02 has a distinct rise for the summer months, and then little change during the summer, 
with a sharp drop off in the fall.  The piezometers at VP-09-32-03 show some gentle variations, 
but no clear rainfall events.  While it is difficult to predict the hydrogeological conditions of 
installation, locations that are hydrogeologically stable (or those that will become stable) should 
be preferred. BHLB07 is a particularly important example, with a very strange pore pressure 
fluctuation in 2015 that could not be related to hydrological events.  
 
Calibration is the next factor for discussion.  A large portion of effort in this project was spent 
investigating calibration routines in the hope that some calibration method might remove 
barometric effects completely leaving a smooth and ideal pore pressure.  As such it was 
determined that for each sensor an investigation into both the linear coefficient and time domain 
regression is important for each variable to choose the most appropriate γ/LE and time lag.  
While this relationship should not change over time, it should be rechecked at several time 
periods to ensure that a proper loading value is chosen.  The selection of a BRF calibration 
method requires that some data is lost at the beginning of each continuous portion of the datasets.  
If a time lag of 12 hours was found, then each break in the data, even of 1 data point, would 
require either filling by some method, or the loss of the next 12 hours of data for the BRF 
method to have enough history of barometric fluctuation to be able to calibrate then following 
points. All sensors were also investigated using Fourier techniques to see if any of the noise was 
removable by filtering or attributable to earth tide effects.  Any tidal effects observed were 
minimal, and most of the residual noise was high frequency noise that was not attributable to any 
frequency dependent phenomena. 
 
Geotechnical sensors that were later used as GLs in all cases for this project did not work well 
enough to be used.  One thing that may be contributing is the “stacked” nature of all these 
sensors which may be causing interference within the pore signals in the stack.  Additionally, the 
geotechnical VWPs in general had much larger resolutions than the project specific VWPs.  In 
the inverse, all the sensors that were installed to be used as GLs could be used as geotechnical 
VWPs due to the much lower precision generally required for that role (0.1 kPa vs. 0.005 kPa).  
93 
 
Finally, the installation nature of some sensors being attached to the outside of slope indicator 
casings and grouted into place may have caused issues.   
 
The characteristics of the datalogger should be considered as part of equipment selection.  Some 
notes from the sensors used in this project are that the Geokon loggers generally performed well; 
however, required manual downloads several times a year.  Additionally, there was no way to 
tell if the logger had failed at some point during the year until the next field visit.  The timing of 
all the Geokon sensors was performed in each individual unit and could only be checked by 
verifying it against the timing of the logging computer when downloads were happing.  It was 
found to occasionally drift, presumably due to ambient temperature variation and voltage 
differences in the batteries within the logger.  Cases of the Geokon logger not recognizing the 
sensor due to shielding errors, grounding errors or other problems also occurred.  Finally, the 
Geokon loggers were stand-alone which required nearby barologgers to be used, which had the 
same difficulties in timing as the geokon sensors.   
 
The RST loggers performed better with respect to timing and shielding errors.  They also gave 
the ability to be checked from an office every day.  This potentially mitigates the error induced 
by the sensors failing in between field visits.  These sensors performed well in general.  Some 
drawbacks that they had was no ability to make readings at a higher frequency than the recording 
rate and logging the average value as discussed above; instead each sensor is “plucked” once at 
the reading interval and the result is the recorded value.  Another problem encountered is that if 
the downloads do not happen as scheduled, the “base” stations may overwrite their memory.  
Additionally, to recover any data from the remote loggers in this case a site visit is required for 
the download.  
 
All of the dataloggers had some difficulties assumed to be due to ambient temperature changes.  
In the case of BHLB03 and BHLB08, some data from the very beginning of the RST data had to 








Many errors occurred during this project, hopefully informing future projects.  In general, the 
most mitigation of errors can be achieved through more careful planning and site assessment.  
The following recommendations should be considered when planning and setting up a GL 
program. 
 
1. Site Selection:  Sites should be selected with an eye towards hydrogeological stability.  
This means that ideal sites should be away from bodies of water with fluctuating head 
levels, areas with fluctuating water tables, and also places with significant loading which 
has yet to dissipate.  These phenomena will mask hydrologic loadings.  Alternatively, 
such loadings should be monitored to be able to remove from the GL trends, or the GL 
trends should be treated as only able to be accurate over very short time periods (i.e. good 
for precipitation estimation but not ET estimation). 
2. Sensor selection:  Sensors to be selected should have the lowest resolution limit possible 
for the siting.  This is usually a function of the full scale of the sensor, and as such, the 
sensor with the lowest pressure rating that can manage site conditions should be selected. 
3. Installation: Sensors should be installed in aquitards or confined aquifers that have a 
response to pore pressures induced by surface loading.  Aquitards should generally have a 
lower rate of dissipation of loadings which may be preferable.  All sensors in this project 
were installed using a “fully grouted” methodology to which no failures were attributed.  
As with all VWP installations, care should be taken to ensure no damage to the sensor or 
wire during installation. 
4. Surface equipment:  The datalogger should be able to take readings at a higher frequency 
than the recording interval.  The recording intervals can be set on the order of 10-60 
minutes.  As the transition from the Geokon intervals of 30 minutes to the RST intervals 
of 10 minutes shows, once the readings are faster than the hydraulic dissipation and, in 
the case of BRF calibration, fast enough to appropriate the BRF curve, little is gained in 
the output.  That said, averaging within the instrumentation to determine the recorded 
point may serve to filter out noise below the resolution limit.  Additionally, the surface 
equipment should be thermally buffered.  The datalogger may be placed in a shady spot 
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in an insulated box, or a small cavity may be dug for it, which is covered by an insulated 
lid (provided no water will collect in the cavity). 
5. Supporting equipment:  Barologgers do not need to be on the same site as the VWPs, 
although best practice would be to have them directly over top of the VWP installation.  
Care should be taken in setting up the timing to ensure that the readings are at the same 
time and interval as the VWP readings.  They should also be thermally buffered, a 
suggested implementation of which is installing in a vented standpipe, just below ground 
level.  It may be advantageous to have 2 barologgers at the same position in case one 
fails, as opposed to 2 at different locations, due to orographic pressure differences.  
Additionally, it will be useful to have water table records nearby to each GL, which may 
be collected through standard methods. 
6. Data Collection:  Care should be taken to ensure the smallest number of data gaps in the 
sensor data.  This can be achieved through automatic collection or scheduled regular 
downloads. 
7. Calibration:  The VWP should be calibrated using both linear and BRF techniques.  The 
resultant ML trends can be examined visually to see if there’s any difference between the 
two.  Additionally, they should be subjected to a Fourier analysis to see if any tidal 
effects exist that might be removable.  This calibration should be rechecked periodically, 
and especially after any equipment changes to ensure that the ML readings remain 
accurate. 
8. Verification of the GLs hydrological readings:  During the first part of the program the 
ML readings should be checked against local instrumentation such as a rain gauge and 
ET data from PM estimates or EC data.  This will help to determine the fidelity of the 
GL’s reading to other instrumentation and also help to show if any other effects are 
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(This statement provided by Dr. Sean Carey) 
 
A CSAT3 sonic anemometer (Campbell Scientific Ltd., Logan, UT (CSI)) and an open-
path infrared gas analyzer (LI-7500, LI-COR) were mounted 6.9 m above the surface and 
logged at 10 Hz to a CR3000 data logger (CSI).  Calculations of friction velocity (u∗), 
sensible and latent heat fluxes (H and LE) were carried out on the logger using ambient 
air temperature and pressure measurements. ET was calculated from latent heat fluxes 
and the latent heat of vaporization using measured air temperature.   
 High frequency data collected by the CR3000 were processed by means of Eddy Pro 
software (v 5.2.1, LI-COR) using 30-min bulk averaging, the maximization of the 
covariance with a default time delay, Moncrief spectral corrections, coordinate rotation in 
two dimensions, no self-heating correction on the LI-7500, and de-spiking. All data 
underwent a QA/QC procedure using Matlab (v 8.6, Mathworks, USA).  Measurements 
were removed when they were associated with equipment malfunction, rain events which 
obstructed the open-path gas analyzer windows, statistics of eddy covariance input 
variables were outside of a reasonable value range, or when computed fluxes were greater 
than three standard deviations from the monthly daytime or nighttime average for a trace.  
The midday growing season flux footprint representing 90 % of the flux source area is on 
average 130 ± 2 m (± 1 SE).  The predominant wind direction is southwest (180 ° - 210 
°). Small gaps (up to two half-hour measurements) in the LE and H energy fluxes were 
filled using linear interpolation.  Larger gaps were filled using a linear relationship 
between LE and net radiation (Rn) with a subsequent adjustment using a data window of 
100 half-hour measurements incremented in steps of 20 half-hour measurements to adjust 












(This statement provided by Amy Heidman – O’Kane Consultants) 
  
[OKC has] weather stations in SWSS Cell 32 and 46. Each have one of each of these 
sensors: 
● HMP45C air temperature / relative humidity sensor with radiation shield 
● R.M. Young Model 05103 wind monitor 
● NR-Lite net radiometer 
● TE525 tipping bucket rain gauge, resolution 0.254 mm/tip 
● SR50 sonic ranging sensor to measure snow height 
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